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SUMMARY 
An improved procedure permitted the large scale 130-fold 
purification of the '-lactamese (penicillinase) from Pscherihta 
coil W3310, which carried the TFII resistance transfer factor. 
Physical, chemical and enzyaological properties of the enzyme were 
determined. 
Studies on the purified protein have yielded six fragments, 
accounting for about 110 residues (60%) of the amino-acid sequence. 
A 29-residue fragment was shown to be similar to regions of the 
Staphylococcus aur.us and Bacillus lichen if ormls 3-lactamese 
sequences, being about 35% identical. None of the other fragments 
exhibited any such detectable similarities. 
The enzyme was shown to be partially inactivated by the specific 
nitration of a single tyrosine residue with tetranitromethane. The 
chyaotryptjc peptido which contained this residue was partially 
characterised. The enzyme was shown to be completely inactivated 
by the specific carboxymethylation of a single histidine residue. 
The corresponding tryptic peptide was sequenced and was shown to be 
very similar to a tryptic peptide from B.lich.niformis 5-lactamese. 
The study of the variation of •nzyaic activity with pH 
permitted a tentative assignment of roles to the tyrosine and 
histidine residues in a mechanism of action of the hydrolysis of 
penicillin by 3-lactase. 
These results are discussed with respect to the properties of 
3-lactameses from other species of bacteria. 
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CHAPTER I. 
I NTDUC1' ION 
Most biologists nowadays accept the Nso-Irwinian view of 
evolution (Hamilton, 1967). Mutation and r.-organisation in the 
genetic material introduces and maintains a degree of variability in 
all organisms. Environmental conditions favour the propagation of 
suitably-adapted variants, this process being known as natural 
selection. Reproductive, isolation of differently-adapted popula-
tions gives rise to sp.ciation. 
There is evidence, both from the observation of plants and 
animals in the wild and from laboratory experiments (Hamilton, 1967), 
that natural selection can act upon single, defined characteristics. 
Alsoi hybridisation between organisms from differently-adapt.d 
populations of the same species gives complex segregation of charac-
teristics in the second generation which indicates that a large 
number of relatively smell genetic differences distinguish the 
original populations. It would seem reasonable, from this evidence, 
to conclude that selection strong enough to favour the slightest 
advantageous mutation is the driving force in evolution, and that 
the concomitant mutational steps are relatively smell. Major 
mutational changes such as gene duplication, which produces new 
genetic material for future development, must sometimes occur. 
Rowever, the possibility that many mutations may be insignificant 
and are propagated by chance association with "selected" mutations 
must also be considered. 
The comparison of the amino-acid sequences of proteins has a 
dual significance in evolutionary sties. These sequences reflect 
1 . 
corresponding base sequences in DNA and so give insight into the 
extent of mutation. They are also responsible for the structure 
and function of proteins, and so the effects of mutation can, in 
theory, be determined. This comparative aspect dates back to very 
early protein sequence determination (Harris et al., 1956). 
The present-day techniques in protein sequence determination 
have been reviewed many times. Briefly, the purified protein is 
independently fragmented by different, specific, prot.olytic 
enzymes or by specific chemical methods. Small, purified fragments 
are analysed and sequentially degraded so as to yield a (partial) 
sequence. Overlapping fragments are fitted into the complete 
sequence. Using this method, the sequence determination for a 
protein of molecular weight up to 50,000 daltons should be relatively 
straightforward, although several grams of highly-purified material 
may be necessary; subsequently, homologous sequences can be tackled 
more easily. Theoretically, bigger proteins should involve a 
linear increase in effort but the imperfect specificity of proteases 
leads to such more complex mixtures of peptides. Thus peptide 
purification becomes more difficult and the overall yields of pure 
peptides are smaller. 
An automated, sequential degradation procedure for protein., 
based on the "Edaan-PITC" technique, to now commercially available 
(Palan, 1970). Starting from the N-terminus, the sequence of the 
first forty or more amino-acid residues can be determined in a few 
days using a relatively small sample (0.25 imole) of protein or 
lar'ge peptide. Some technical problems, such as the identification 
of one or two residues, are yet to be overcome, but the method has a 




generation and fractionation of a few large peptide fragments will 
permit the complete sequence determination for large proteins using 
this technique. The traditional methods will probably often 
complement automatic sequencing, particularly in finding "overlapping" 
peptides. 
Some peptide sequences have been determined by mass spectro-
scopy (Morris et al., 1971). The spectrum of a volatile derivative 
of a peptide reveals a series of molecular tons of decreasing mass-
number, corresponding to a loss of amino-acid residues from the N-
terminus. The successive decrements in se-number are charac-
teristic of the amino-acids lost. Simple mixtures of peptides can 
be simultaneously sequenced in many cases, as the relative inten-
sities of the peptide spectra are different. This technique may 
ultimately reduce considerably the amount of peptide purification 
needed in protein sequencing. 
Protein sequencing is now a relatively straightforward technique 
and sequences of functionally homologous proteins from various 
species have been elucidated. Comparison of these homologous 
sequences for any two organisms often reveals some identical and 
some different residues at corresponding positions, frequently with 
deletions or insertions of residues. Superficially, for each 
different protein, the number of differences between the sequences 
is directly proportional to the elapsed time since the corresponding 
organisms had a common ancestor, as deduced from geological and 
morphological evidence. Thus a phylogenstic tree can be constructed 
using the sequences of, for example, cytochroae C (Figure 1.). 
Simple computation of differences gives an approximate but useful 
tree. There has been developed a more sophisticated method which 
3. 
"retraces the evolutionary pathway in reverie" (Dayhoff and Eck, 
1971). It starts by comparing each position for a pair of very 
closely related sequences and deciding on an "ancestral" residue 
at each position, using the genetic code to predict the most 
likely mutations. This procedure is carried out for all the 
protein sequences available, using a computer, and arrives at an 
"ancestral sequence" for the protein. The method makes some  
provision for mutational reversion and thus can claim to produce a 
quantitatively more accurate phylogenet ic tree. 
There are in all series of sequences examined in this way some 
invarient residues which seem to be essential to the function of the 
protein; prosthetic-group binding, specific interactions between 
residues and proline residues which delineate regions of helical 
structure are typical examples. Indeed, by definition, homologous 
proteins must have "conserved" sequences. At some positions, 
there appear to be "conservative" substitution.; there is a require-
ment for an acidic or a hydrophobic group in some interaction, for 
example, or for a small residue at a point where peptide chains 
interact in the tertiary structure, and any one of the relevant 
few amino-acids can fill this requirement. At the other positions, 
there are a wide range of "non-conservative" substitutions. For 
cytochro.. C, there has been a relatively slow and constant rate of 
amino-acid substitution at these positions. This may indicate 
that there has been effectively no selection acting upon the 
evolution of the sequence. Certainly, strong selective pressures 
would be expected to give rue to discontinuous evolution. From 
the teleological point of view, cytochrome C, as an intermediary 
between the electron transport system and molecular oxygen, might be 
4. 
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expected to fulfil a fundamental and relatively unchanging role. 
The globins are a type of haes protein involved in oxygen 
transport. During the course of the evolution of these proteins, 
gene duplication is presumed to have given rise to new sequences 
which have evolved to fulfil slightly different functions. The 
phylogenetic tree of the globins In shown in Figure 2; unlike the 
cytoohroae C tree it does not exactly parallel the phylogsnetic 
tree of the species from which the proteIns originate because some 
of the branching points represent speciation and some represent 
gene dlication. 
Myoglobin and lamprey haemoglobin are monomeric base prot.ins 
of molecular weight 17,000 dalton.. Their sequences clearly have 
a coon ancestor. The various hammoglcbina of higher organisms 
are tetramers, the subunits of which have a similar molecular weight 
and which show sequence homology with each other and with myoglobin 
and lamprey haemoglobin. Many organisms have four or more types of 
haemoglobin subunit, as well as myoglobin. The sequences of the.e 
proteins have evolved independently from the point of divergence; 
human x-hsemoglobin and myoglobin are more different than human and 
horse a-haamoglobins (Jukes, 1966). Ths rate of amino-acid 
substitution in x-haemoglobin is apparently constant and slightly 
less than the corresponding rate in -haemoglobin, but several 
times higher than in cytochrom. C. When sequences for frog 
haemoglobins were determined, the number of "invariant" residues 
fell from 70 to 54 (Cauv.t and Acher, 1972). When all globiva 
are considered, there are only 9 invariant residues, all of which 
are involved in hasm binding (Jukes, 1968). This may reflect the 
effect of random, non-selected mutation and substitution in a more 
5. 
"tolerant" structure than cytochrome C. The existence of several, 
functionally distinct types of globin in a single organism indicates 
that there has been, and probably still is,, scope for the selective 
evolution of functionally more efficient haemoglobin sequences. 
Mutation and selection must always occur; their effects on primitive 
and on highly-developed sequences are different. 
Sequence data of the cytochrome C type is most useful in 
taxonomy and phylogeny. Sequence data of the globin type is 
perhaps more useful in determining taxonomic and phylogenetic fine 
structure and in the study of the interrelationships between 
structure, function, mutation and natural selection. Amino-acid 
sequence data and the three-dimensional structure of ct-haemoglobin 
have permitted an excellent analysis of the effects of amino-acid 
substitution on the structure and function of the protein and the. 
effects have been correlated with the attendant clinical symptom 
(Perutz and Lhnn, 1908). The bacterial p.nici]linases, to which 
the present work relates • will probably be more like the globina 
than cytochrome C in this respect. 
In addition to the sources of genetic variability which make 
evolution possible in euoaryotes, there is in bacteria considerable 
scope for the transfer of genetic material between organisms 
(hedges, 1972); thus there is the possibility that basic phylo genetic 
relationships may be overlaid and perhaps obscured by patterns 
based on the acquisition of characters or groups of characters from 
a "central pool". The occurrence and the amino-acid sequences of 
different respiratory proteins in various pseudomomads supports this 
view (Ambler, 1971). 












the introduction of penicillin as a therapeutic agent (Pollock, 
1971). Since then, "penicillinases" have been discovered in an 
exceedingly wide range of bacteria. The mode of penicillin 
hydrolysis in the original isolate is unknown, but most of those 
since discovered have been found to hydrolyse the -1actaa bond in 
penicillins and cephalcepor ins (Figure 3). These enzymes are now 
commonly referred to as p-lactaaaaes (penicillin aaido--lsctaa 
hydro]as., EV. 3.5.2.6.), to prevent confusion with penicillin 
saidase, which hydrolyses the amide bond between the penicillin 
nucleus and its side-chain. A representative selection of those 
3-lactases which have been characterised, together with some 
salient features and the original references, is shown in Table 1, 
The inducible, -]ac tamase producing, Gram-positive bacteria 
readily yield constitutive mutants which produce the enzyme as up 
to 1% of the dry weight of the organisms, much of this being 
released into the culture supernatant. Thus, large-scale purifi-
cation of these enzymes in the laboratory is relatively straight- 
forward and hence they have been extensively and reliably character-
ised. The Gram-positive 3-lactameses are relatively alike. There 
is an Immunological cross-reaction between enzymes from Bacillus 
cereua and Bacillus lichenif orals which argues for considerable 
sequence homology (Pollock, 1968). This homology has recently been 
directly demonstrated (Thatcher, 1972). The B.lich.uiforais and 
Staphylococcus aureus enzymes, which have no immunological cross-
reaction, are homologous in 40% of their sequences (Ambler and 
Msadway, 1969). Other physical and chemical properties of these 
enzymes are very similar • The available evidence strongly suggests 
that the Gram-positive 3-lactamases have evolved from a common 
7. 
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The Gram-negative p-lactamese producers are usually non-
inducible and are characterized by a much lower proportion of the 
enzyme, which Is normally cell-bound. Purification is correspon-
dingly more difficult and it 1s only recently that an accumulation 
of the properties of purified enzymes from these sources has been 
possible. The majorIty of Gram-negative p-lactamases are specified 
by genes which are carried on transferable episomes called resistance 
transfer factors (In'?). The RI'? of one -lactase-producing 
strain of Salmonella typhimurium can be transferred to strains of 
Escherichia coli, Shigella sonnet, Serratia marcescens and Proteus 
airabilia. Each recipient strain subsequently produces an enzyme 
indistinguishable from that produced by the donor strain (Neu and 
Winsohell, 1970; see Table 1, examples 4 and La). Examples 4-11 
in Table 1 • and many of those in a recent, extensive comparative 
I 
study • suggest that there may be several varieties of enzyme of 
about the same molecular weight but with different specificities 
with respect to the various penicillins and cephalosporins. Theae 
enzymes may well have extensive sequence homology. The inter-
changeability of RTFs and the possibility of hybridisation due to 
genetic recombination between IllYs implies that no -lactase in 
this grow, can be characteristic of a particular species or strain 
and that the enzymes may exhibit a continuum of variation in amino-
acid sequence. 
Th.re are few apparent similarities between -lactaaases of 
this type and those from Graa-positive bacteria but it must be 
admitted that the differences are mainly in the physiology of 
enzyme production and that there is very little comparative chemical 
' Jack and Richmond, 1970. 
I? 
data. Thi p-lactama.e from E. coil TElL was chosen as being repre- 
 of this group of Gram-negative p-lao taises for an amino-
acid sequence determination, to establish whether or not the two 
types of enzyme have a common ancestor. The limitations discussed 
above preclude any conclusive bacterial phylog.ny or taxonomy based 
upon -lactsmase sequences. 
There are some p-lactmsses, from Gram-negative bacteria, which 
have molecular weights of around 30,000 daltons and which are 
specified by chromosomal genes. (Examples 12 and 12 in Table 1). 
In these and other properties, they show some similarities with 
Gram-positive p-iactameeaa. The apparent lack of homology between 
ET?a and bacterial chromosomes (Msynell et *1., 1963) suggests that 
this type of -lactase may be relatively unrelated to the RI?-
mediated -lactaaaaes. 
Penicillin, and c.phalosporins exert their antibiotic effect 
because they are structural analogues of an intermediate in the 
synthesis of bacterial cell walls; inhibition of cell wall synthesis 
leads to lysis and death (Park, 1966). The sensitive enzyme is 
thought to be the transpeptidase which cleave, the D-ala-D-ala bond 
in the cell wall icopeptide (Strominger et al., 1071; see Figure 4). 
The soexiatence of penicillin-sensitive bacteria and penicillin.. 
producing microfungi in various milieu has been demonstrated 
(Pollock, 1967, 1971; Smith and lrp1es, 1964). Furthermore, -. 
lactase has been shown to confer resistance to penicillin at the 
concentrations of the antibiotic encountered in the environment 
(Pollock, 1972). 	-lactaasse-producing strains of B. circus are 
more viable in the presence of penicillin-producing Penicillium 
than strains which do not produce the enzyme (Hill, 1972). 
sentative
9 . 
Figure 4. Syntheeie of ceii Wall Glycopeptide: The Transpeptidase Step in E.coli 





NAG-NAMA-L-ala-D-glu-meeo-DAPA-D-ala 	 + 	fl-ala 
NAG-NA A-Iala-D-g1u-eeo-DAPA-D-a1a-D-a1a 
NAG : N-acety1g1ucoaaaine 	NAMA : N-acetyliraaic acid 	DAPA: Diaminopi.eltc acid 
t-1actamase has not been found in organism which do not have 
penicillin-sensitive cell walls. We can reasonably assume that 
there has been, and still is, a considerable selective pressure for 
the maintenance and evolution of -lactamase. 
An attractive hypothesis is that duplication of a gene such as 
that coding for the cell-wall transpeptidase, followed by mutation 
and/or recombination in the redundant gene, led to the evolution 
of -lactaaase (Pollock, 1067). The various bacterial cell wall 
structures so hr studied are basically very similar but have 
distinct and characteristic differences. Various -lactamaaea 
may have originated independently, from their respective cell-wall 
synthesizing enzymes and may thus be considerably different from 
each other. The underlying similarities in cell wall structure 
argue, however, for common ancestry for their synthetic enzymes, and 
than for a common, though distant, ancestor of all 5-lactamases 
So far, the emphasis in this discussion has been on structure 
and the evolution of structure. Biological structure, however, 
is ultimately functional. It has been claimed (Sax, 1970) that 
1-lactamase activity is but an incidental function of a protein 
therwiss concerned in bacterial metabolism. This "real function" 
has yet to be demonstrated and 3-lactaaase-deficient mutants are 
normally viable (Pollock, 1971). The reasonable function of 5-
lactamase is the detoxification of -lactaa antibiotics. 
Discussion of function brings us naturally to the question of 
nocbanism. Quits apart from their intrinsic value, studies of the 
mechanism of p-lactaiaase may clarify evolutionary relationships. 
The differences in chemical, physical and enzymological properties 
of 3-lactamasea are such that the possibility of more than one 
iD. 
mechanism is not excluded. Certainly, the -laotaaaae II of 
B.cerus (Example 2 in Table 1), which requires zinc ions for 
activity, must be considerably different in this respect from other 
-1actameses. The "modified paptidaam" theory of the origin of 
3-lactaaPse mentioned above is perhaps even more intriguing in view 
of the fact that carboxypeptidase A has a similar requirement for 
zinc ions (liartaucic and Lipscomb, 1971). 
Studies on the structure and function of .nzymss can be sub-
divided as follows: 
Qaraot.risation of the reaction and determination of the 
kinetic parameters under various conditions. 
Chemical modification of residue, and the effect on 
activity. Structural studies identifying particular residues. 
The amino-acid sequence. 
X-ray diffraction to determine the three-dimensional 
structure of the enzyme. 
The occurrence and stoichiotry of many enzyme reactions was 
demonstrated in the late 19th century and, early in this century, 
a simple and effective theory of enzyme action, which could be 
applied to the kinetics of many enzyme reactions, was developed 
(reviewed by Dixon and Webb, 1984). 
The concept of a specific site on the enzyme for the substrate 
is inherent in the kinetic theori*s of enzyme reactions and can be 
traced back to Fischer's famous "lock and key" hypothesis (Fischer, 
1894). Identification of the amino-acid residues involved at 
this site awaited the development of techniques in enzyme pent i-
cation and amino-acid analysis sal, perhaps more significantly, an 
acceptance of the concept of proteins as polypeptides of definite, 
11. 
discrete and characteristic structw.. The identification of 
merino at the active site of trypsin, and the extensive studies of 
Wsil and co-workers on the photo-oxidation of enzymes, were early 
examples in this field (Jensen and Balls, 1952; Weil •t s]., 1951). 
Fairly extensive chemical modification studies have accompanied 
flSfl7 amino-acid sequence determinations, the comparatively recent 
work on staphylococcal nuclaass being an excellent example (Ant mien 
et al., 1971). Koshand has demonstrated the importance of a 
kinetic correlation between the modification of a tentative 'active-
site residue" and the boo of activity of the enzyme (Ivy and Koshland, 
1960). 
On the basis of the kinetics and a knowledge of the residues 
involved in the active site, .schan.isas of enzyme action can and 
have been proposed. The determination of the three-dimensional 
structure of the enzyme is essential for the confirmation and 
ref inament of these mechanisms • This has been accomplished for 
several hydrolytic enzymes such as lysozyme, ribonucl.ase and 
cbymotrypstn. 
Despite this mechanistic knowledge, the precise origins of the 
rate enhancement caused by enzymes are still uncertain and aach 
debated (Hoar., 1972; Gutfr.und and Knowles, 1967). 1es. arch in 
this area is mainly confined to model systems in which the precise 
orientation of reactant and catalytic moieties may approximate to an 
enzyme-substrate relationship. 
In the main, )-laotase enzymology has been restricted to the 
determination of the relative rates of hydrolysis of the various 
p.nicillins and c.phalosporins, and of the relevant substrate and 
inhibition constants (Citri, 1971). The concept of "con! orwat ive 
12. 
response" represents an attempt to further exploit the wide range 
of available substrates. The effects of various inhibitory pro-
oedures, such as photo-oxidation and iodination, on B cereus - 
lactaise, measured with and without substrate present, are com-
pared. The -lactaa nucleus appears to stabilise the enzyme, and 
this effect is enhanced by adding a small side-chain. Bulky side-
chains cause increased inhibition (Citri and Zyk, 1968). 
In the field of chemical modification, the specific nitrations 
of single tyrosine residues in B.lichenifor*is and S.aureus p-
laotaaases respectively, with the resultant partial losses in 
activity, were the first steps towards an understanding of the 
mechanism of -1actaaaae (Headway, 1969b; R.P. Ambler, unpublished 
results). Very recently, the iodination of a single tyrosine 
residue in B-cereus 3-laotamase, again with partial loss of activity, 
has been reported (Caanyi et al., 1971). 
An interesting model system was investigated by Schwartz and 
co-worker.. Starting from the observation that nucleophiles such 
as hydroxyl ion cataly.e penicillin hydrolysis, they investigated 
the catalytic properties of a range of phenolic compounds in this 
reaction. The oatecholanzine derivative, 36-bis (dimethylamtho-
methyl) catechol (CDM) was found to be especially effective. The 
variation of activity with pH indicated that Me was the effective 
Ionic species and comparison with other isomers of CDM showed that 
the relative positions of the various groups was important. They 
also found some evidence for a penioillo.te eater of CDL as a 
reaction intermediate. 
The proposed mechanism of penicillin hydroyais catalysd by 
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in CDM serves to bind the oxygen in the ecid group of penicillin, 
whilst the other polaris.s the f3-lactaa carbonyl bond, thus pro-
noting nucleophilic attack at the carbonyl carbon atom. An inter-
mediate compound is formed, stabilised by two electrostatic inter-
actions. This gives rise to the penioilloate ester of CDL 
Hydrolysis of the ester gives penicilloic acid and free CDII. The 
functional groups in CDII could well be present in the side-chains 
of iamb-acids involved in the active site of 13-lact.. (Schwartz, 
1986; Schearts and Pflug, 1987; Kinget and Schwartz, 1968). 
The following thesis describes experiments on the relationship 
between structure and activity in Escberichia coli ThU 3-1aotase 
carried out in conjunction with work on the primary structure of 
this enzyme. 
The chapters describing the purification and properties of 
the enzyme, the N- and C-trminal region., and the enzymology and 
ohea.tcal modification, each have their own sections describing the 
methods used therein. The relevant methodology in protein sequence 
determination is described in Chapter IV, which precedes the 
chapters describing the results of the work on the primary structure. 
Table 2 li.ts the abbreviations used in this thesis: the 
r.condations contained in Instructions to Authors of the 
Biochemical Journal (1971) have been followed. Table 3 lists the 
three-letter and single-letter codes for the amino-acids, in 
accordance with the IUYAC/IUB Coaeiss ion on Nomenclature (1967, 
1969). 
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Table 2. List of Abbreviations 
BAWl' oButan-l-ol:aoetic acid:water:pyridine: :15:3:12:10 
CM- Carboxymethyl- 
CNBr Cyanogen Bromide 
CPA carboxypeptidase A 
PB Carboxypeptidase B 
DEAF.- Diethylaminoethyl- 
nF1' Di isopropylfluorophosphate 
Dnp-. 2, 4-dinitrophenyl- 
This- l-d iaethylaminonaphthalene-5-sulphonyl- 
(dansyl-) 
DPCC-trypsin Trypsin treated with diphenylcarbamyl chloride 
ETPA exo-cis-3 • 6-endoxo- L 4-tetrahydrophtha1ic anhydride 
ETP- the radimal of ETPA 
FDNB 1-f luoro-2, 1-dinitrobenzene 
1AA lodoacetic acid 
K The Michaelis substrate constant m 
LVI? Unresolved This-1eu/va1/i1e/phe 
a Elactrophoretic mobility at pH 6.5 
in' Electrophoretic mobility at pH 3.5 
NFM N-ethyl morpholine 
PEAW Light petroleum (b.p 400-600 ):acetic acid:water::10:9:1 
PITC phemyl isotbiocyanate 
prc- phenylthiocarbamyl- 
PTH- phenyithiohydantoin- 
RTF Resistance transfer factor 
R 	 Chromatographic mobility relative to XCFF 
Table 2. - Continued 
SBTI 	 Soya bean trypsin inhibitor 
SDS 	 Sodium dodecyl sulphate 
SGA 	 Unresolved DNS ser/gly/ala 
SPITC 	 4-suiphophenyl I soth locyana te 
TCA 	 Trich].oracetic acid 
TFA 	 Trifluoroacetic acid 
TNM 	 Tetrani tromethane 
Tris 	 2-uiino-2-hydroxymothylpropane-13-diol 
V 	 Maxim- enzymic reaction velocity (Molecular activity) 
XFF 	 Xylene cyanol F? 
Solutions are specified by a weight of solid or a volume of 
liquid dissolved in a volume of solvent, unless otherwise noted. 
Table 3. Abbreviations of Amino-Acids 
Amino-acid Three-letter code One-letter code 
lysine lye k 
hietidine his h 
arginine erg r 
cysteic acid CySO3H C 
aspartic acid asp d 
asparigine aen n 
aspartic acid or asparigine aex b 
methionine suiphone ass a 
threonine thr t 
serine aer a 
glutamic acid glu e 
glutamthe gin q 
glutamic acid or glutamine gix z 
proithe pro p 
glycine gly g 
alanine ala a 
cysteine cys c 
valine val v 
.ethionine met S 
leoleucine ile I 
leucine lou 1 
tyrosine tyr y 
phenylalanine phe f 
\ tryptophan trp w 
homoserine her - 
homoserine ]actone hal - 
3-nitrotyros me tyrNO2 - 
carboxymethyihietidine D&-hie - 
carboxymethyicysteine CM-cys - 
Amino-acids which have been sequenced are folned by hyphens: 
aep-giu-arg-asn-arg- 
Aatho-acids which have not been sequenced are placed in brackets: 
asp-glu-arg-aan-arg- (glu, lie ala) 
CHAPTER II. 
PURIFICATION AND PROPERTIES OF E.LI -4IACTAMASE 
The sain sources of general laboratory chemicals were Fisons 
Scientific Apparatus and the British Drug Louses Laboratory Chemicals 
Division. The latter was also the source of standard DNS-aaino-
acids and of most stains and dyes. Sodium benzylp.nicillin was a 
gift from Olaxo laboratories. Other sources are quoted in the 
relevant methods • Buffers were generally mede up according to 
tables in "Data for Biochemical Research" p.205 (.d. Dawson et ml., 
1959). 
The -lactaaase was prepared from the E.co].i strain W3310, 
which carried the TEN R,-factor and which was a gift from Professor 
N.H. Richmond (Dept. of Bacteriology, University of Bristol) to 
Dr. J.W. llling, who carried out the large-scale bacterial culture 
and the preliminary purification of the enzyme, at the Micro-
biological Research Establishment, Porton Down. 
Assay Technipums 
A spectropbotomstric variant of the Perrot -lactase assay 
was routinely used (Perrot, 1954; Sherratt, 1969; Sberratt and 
Collins, in press). The following solutions were used: 
(1) 2.4 mg per ml sodium benzylpenicillin in 0.1 M sodium 
phosphate buffer pH 7.0. 
(ii) 40.8 g of iodine and 200 g potassium iodide in 1 litre of 
water. This "stock solution" was diluted 20-fold with 0.075 M 
ammonium acetate buffer pH 3.6.  
The penicillin solution was incubated in 2.5 ml aliquots at 
30°C. A sample (V ml) of the L-lactaaase solution was added to 
15. 
one aliquot and incubated for a convenient time (t mm), after 
which 5.0 ml of dilute iodine was added, with mixing. A reaction 
blank was made by adding 5.0 al of dilute Iodine to * second aliquot, 
followed by V ml of -lactamase solution. The samples were 
incubated at room temperature for 10 min and the difference in 
extinction at 499 na ( E) was measured. 
The f-1actamase activity in units per ml was given by: 
E x x (total volume) x 60 
total volume = (7.5 + V) 
The unit is defined as the -laotaase activity which will hydrolyse 
1 paole of penicillin per hour at 30°C (Pollock and Torriani, 1983). 
This unit has been widely used and will be used throughout the 
present work: in Appendix 1, the units comply with the recosn-
dations of the IUB Enzyme Commission i.e. 1 International Unit of 
-lactaaase will hydrolyse 1 poolo of penicillin in 1 minute at 30 0C. 
The spectrophotoaetric-Perret assay is reproducible, sensitive 
and very convenient. 
Niche lie parameters were determined using the Novick micro-
iodo.etrio assay (Novick, 1962). The following solutions were 
used :- 
0.05 K sodium phosphate buffer pH 7.0. 
0,08 K iodine in 3.2 K potassium iodide. 
A fresh, boiled 2% starch solution (Connaught). 
20 ml of this starch solution added to 180 ml of buffer 
and 0.30 .1 of iodine solution. 
Solutions of sodium benzylpenicilhmn in buffer (0.03 to 
0.6 mu). 
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To each of two 1.0 cm spectrophotometer cuvetts was added: 
1.0 .1 of starch/iodine solution 
1.0 al of penicillin solution 
0.9 ml of buffer (1.0 inl in blank) 
0.2 ml of starch solution. 
The cuvettas were equilibrated 	at 30°C in a double-bea* 
spectrophotometer (Beckman DB) and 0.1 ml of enzyme solution con-
taining 0.1 to 0.2 units of activity (as defined in the previous 
section) was added to the cuvette in the "reference" position in 
the spectrophotometer. This caused an apparent increase in 
extinction at 620 nn which was followed for 51 0 ath. The rate 
of penicillin hydrolysis (V) is given by: 
V= 0.128 x t 	
units per litre 
where E is the increase in extinction during the time t in hours. 
In practice, an enzyme solution was diluted to about 0.5 U/al and 
then further diluted so that at the highest substrate concentration 
(200 iM in the cuvette), complete decolourisation of trial reaction 
mixtures occurred in about 3 mm. This enzyme solution could then 
be used in the assay with substrate concentrations between 10 and 
200 tM: below this figure, the rate was not reproducible. 
The omission of heat-killed enzyme solution from the reaction 
blank (Novick, 1962) was not critical. 
In the original 3-1actaaase purification, assays were done at 
pH 5.9 ([*tta and Richmond, 1965). 	In my experience, the activity 
is slightly higher at pH 7.0 and furthermore the enzyme is unstable 
if kept below pH 6.0 for any length of time. 
The Lowry assay for protein was used in purification procedures 
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(Lowry et al., 1951). The following reagents were used: 
Reagent A (fresh daily): 1 ml of 2% sodium potassium 
tartrate, plus 1 ml 1% cupric sulphate pentahydrate in 100 ml 2% 
sodium carbonate in 0.1 U sodium hydroxide. 
Reagent B (stable at 40C): F'olin-Ciocalteau reagent 
diluted two-fold. 
1 mg/mi bovine serum albumin. 
The sales to be analysed were made up to 05 ml with water. A 
0.5 ml water blank and standards containing 0.05-0.2 ml of the BSA 
solution were included. 3 ml of reagent A was added to each sale 
and the tubes were shaken and left at room temperature for 10 mm. 
0.3 ml of reagent B was added, with mixing. After 1 hr, the 
extinction at 750 na was read. A calibration curve was made 
"in situ" with the standards. 
A pure -lactaaase solution was estimated as containing 0.60 
mg/al using this assay. Amino-acid analysis of the same solution 
gave an estimate of 0.57 ag/mi, assuming a molecular weight of 
2.1 x 10 dalton.. 
Qroaatograpby and Gel Filtration 
DEAE-ceilulose (Whatman DE-52) was used for the ion-exchange 
chromatography of -1actaaa.e. This resin was supplied ready for 
use and about 70 g of dry resin sufficed for a column 20 an * 2.5 cm. 
It was stirred for 10-20 min with 400 ml of buffer ten time more 
concentrated than that used for chromatography. When the resin had 
settled, this buffer was decanted off and the resin was washed in 
the same way with several aliquots of the chromatographic buffer. 
Used resin was pooled, washed with water and then stirred in 0.5 U 
HCl for 30 min and washed with water until at pH 4. It was then 
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stirred with 0.8 M NaOH for 30 min and washed with water until at 
pH 7. It could then be stored at 40C, ready for further use. 
After several cycles, the resin was discarded. 
Gel filtration was used as a purification technique. Sephad.x 
0-75 (fine grade; Pharmacia) was swollen quickly by stirring the dry 
ponder into a large volume of water and maintaining the slurry at 
1000C for 4-5 hr. It was cooled and settled and resuspended 
several times in 0.04 M sodium phosphate buffer pH 7.0. Columns 
(Whatrn and Pharmacia) were packed under gravity, with a pump 
(Porpex, 1KB) limiting the flowrate to that required for gal 
filtration. Samples for gel filtration were mixed with a few 
drops of E-CflP-lysine solution which is strongly retarded by the 
gel and which indicates when the column is completely eluted. 
Column effluents were subjected to continuous speotrophotometric 
monitoring at wavelength 254 no. 
The purity of a sample of -lactaaase was confirmed in one case 
by gel filtration of a small sample on a small column of 0.-I8 
equilibrated with 80% formic acid. 
Sephadex 0-25 and 0-15 could be swollen quickly, equilibrated 
with 0.1 II ammonia or 5% formic acid and used for desalting 
protein samples or for peptide fractionation. 
The molecular weight of -lactase was estimated by the method 
of Andrew* (1964). A column (88 on * 2.5 cm) of Sephadex 0-78 
(superfine grade) in 0.04 11 sodium phosphate buffer pH 7.0 was not 
up, and p-lacta.ase and various proteins of known molecular weight 
were used as samples. Their respective elution volumes were noted. 
Blue dextran (Pharmacia), a high molecular weight dextran coupled 
to a coloured dye, was used to determine the void volume (V.) of the 
19. 
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column. The logarithm of the molecular weight of a protein is 
proportional to V for the protein, where V = (elution volume of 
sample - V). 
Gel Electrophoresia 
Starch-gel electrophoresis was used routinely as a criterion of 
purity (Smithies, 1955). A slurry of 17 g hydrolysed starch 
(Connaught) in 170 ml of 0.03 U buffer (sodium borate pH 8.5 or 
potassium hydrogen phthalate pH 4.0) was made in a 1-litre round-
bottomed flask. It was heated strongly to boiling-point and then 
do-gassed at a water pump and poured into a perspex tray fitted 
with a false bottom (see Figure 6). When cool, the gel was covered 
with a sheet of polythene and could be stored for a few day. at 
40C. 
Small rectangles of filter paper were soaked in protein 
solution and dried and then inserted in a slit cut 5 an from one 
end of the gel. A "marker" of XCFF was applied in the same way. 
The electrophoresis was carried out at 4 0 C with moist filter paper 
wicks (8 thicknesses) pressed on to each end of the gel and dipping 
into troughs of 0.3 U buffer. Electrodes in the troughs were used 
to apply a potential difference of 250 V, at which a current of 
ca 50 ma was passed through the gel. A 2 hr run caused the XC'F 
to move 8-7 cm towards the positive electrode. 
The gel was cooled and sliced by inserting spacer, under the 
false bottom and cutting through the protruding section with a fine 
wire. 
A slice was stained for protein by soaking for a few minutes 
in a 0.5% solution of 1-naphthamidoblaok in methanol:water:ac.tic 
acid (5:5:2 by volume) and then washed repeatedly in this solvent to 
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remove excess stain. Blue bands corresponding to protein appeared 
on a pale blue background. 
-lactase activity was detected by spraying with a solution 
of 0.8 g sodium benzylpenioillin in 50 ml 0.1 P4 phosphate buffer 
pH 7.0, containing 2.5 ml of stock iodine solution from the spectro-
photometric -lactase assay. Rapidly-cleared spots on a dark 
blue background indicated -lactamaae activity. 
ectrophoresis in SDB-polyacrylamide gels was done by the 
method of Weber and Osborn (1969). The following solutions were 
required: 
Gel buffer consisted of 7.8 g NaR2PO4 020,  38.6 g 
Na2HPO4 7020  and 2.0 g 8DB per litre. This was diluted with 50% 
water to make electrophoresis buffer. 
22.2 g acrylamide (Eastman recrystallised from chloroform) 
and 0.8 g N,N'-msthylene-bin-acrylamide dissolved in water and made 
up to 100 ml. Filtered and stored in a dark bottle at 10C. 
15 mg per ml ammonium per.ulphate (fresh). 
0.05% Bromophenol blue. 
The staining solution was made by dissolving 1.25 g 
Coomsasie brilliant blue in 500 .1 of asthanol:wat.r: acetic acid 
(226:226:50 by volume), and filtering. 
The destaining solution consisted of methanol :water: 
acetic acid (60:875:75 by volume). 
10 ml of gel buffer was de-gassed and mixed with 9 ml of 
acrylamide soin. and again de-gassed. 1n 1 ml of fresh ammonium 
persuiphate soln. was added together with 0.046 ml of ,N,N',N'-
tetramethylethylenediamine (Eastman) and mixed well. Six acid-
cleaned glass gel tubes (8 cm x 0.6 cm internal diameter, open at 
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both ends), each standing vertically with one end eidded in a 
block of Plasticene, were filled to about 1 cm from the top with 
the mixture and a few drops of water were added to cover the top 
of the gel. After 30 min the gels had hardened and the water was 
removed. 
Protein solutions were pre-incubated for 2 hr in gel buffer 
containing 11 2-mercaptoethanol. (0.05 mg protein in 100 buffer). 
To each gel was applied a mixture of 	J3ron%ophenol blue soin., 
6 1) )\ glycerol, 5 2-cercaptoethanol and 50> protein solution. 
The tubes were placed in the apparatus (Shandon) and electrophoresis 
buffer was cawefully layered on top. The electrode compartments 
were filled with buffer and the electrophoresis was carried out at 
8 mm per gel for 4 hr at 40C. 
The gels were removed from the tubes by squirting water from 
a syringe between the gel and the wall of the tube and then 
applying pressure with compressed air. The lengths of the gels 
and the distances of migration of the dye were measured. The 
gels were stained in test-tubes br 3-4 hr, rinsed with distilled 
water and &staifl.d with successive batches of solvent over a 
period of several hours • The lengths of the gels and the distance 
of migration of the protein band(s) were measured. The mobility 
of a protein, relative to the dye and corrected for swelling during 
staining, was given by: 
Mobility = distance of protein migration length before staining 
length after destaining 	distance of dye migration 
Weber and Osborn have shown that under certain conditions, the 
mobility of a protein Is directly proportional to the logarithm of 
its molecular weight. 
22. 
Analytical Methods 
The experimental procedures relating to automatic amino-acid 
analysis are described in Chapter IV. 
Carbohydrate was determined by the method of Devor (1948). 
0.4 g of 1-naphthol was dissolved in 100 ml H2804 and allowed to 
stand in the dark for several hours • Standards containing up to 
0.1  ag of glucose in 1.n ml of water were prepared • and 1.0  ml of 
0,2 M ammonium acetate p11 4.0 was added to each. 	-1actaaaae was 
dissolved in 3.5 al 0.2 U acetate. Two 1.0 ml samples were made 
up to 2.0 ml with water and a third sample was analysed for amino-
acids. 5.0 ml of the reagent was added to each sample and the 
samples were placed in a boiling water bath for 10 mm. They were 
then cooled and the extinction at 575 nm relative to a reagent 
blank, was measured. A standard curve was constructed and the 
carbohydrate content of the protein was determined. 
Tryptophan determination was by the method of Spies and Chambers 
(1948). Standards of up to 0.7  unole tryptophan and a protein 
sample of about 02 poole were dissolved in 0.5 ml water and 4 ml 
of 65% 112804  and 0.5  ml of 3 10 dimethylaminobenzaldehyde in 1 U - 
were added to each sample. After mixing, they were incubated 
in the dark at room temperature for 1 hr. Then 0.05 ml of 0.04% 
sodium nitrite was added to each and, after mixing, the samples 
were incubated, as before, for 30 mm. The extinction at 590 na 
was measured relative to a reagent blank and the tryptophan content 
of the protein sample derived from the standard curve. 
Cysteina was determined using iodo-acetic acid (Gurd, 1967). 
Approximately 2 mg of p-lactamase was dissolved in 0.5 ml of 0.3 K 
ammonium carbonate pH 8.3 in C U urea. 0.2 ml of this solution 
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was iLized with an equal volume of the same buffer containing 0.1 
mole (11 ag) of 1AA, and incubated at room temperature for 2 hr. 
The sample, and 0.2 ml of the original protein solution, were each 
desalted on a smell Sephadex (1-15 column in 5% formic acid, and 
freeze-dried. Each sample was analysed for amino acids. 
Purification of E.coli B-lactanmse 
This part of the work is concisely described in Appendix I, 
together with the details of the bacterial culture and the pre-
liminary purification carried out by Dr. 11611ing. 
Batches of impure -lactaaase containing up to 2 x 10 units 
were freeze-dried and transported by air to Edinburgh; prolonged 
storage at 40C in this state was not deleterious to enzymic 
activity. 
A typical batch of 
10  units was dissolved in 10.0 ml of 
0.04 U sodium phosphate buffer pH 7.0. Any slight precipitation was 
removed by centrifugation. If the earlier dialysis was not 
exhaustive, this solution was very viscous, there was more precipi-
tation and some loss of activity accurred during these processes. 
This solution was applied to a column of Sephadex (3-75 (90 x 6 cm; 
equilibrated with 0.04 U phosphate pH 7.0; flow rate 100 al/hr; 
8.0 ml fractions). The pooled fractions from this column were 
dialysed and adjusted to p11 7.0 and conductivity about 220 asiesens 
wibh 0.1  U phosphate p11 7.0. 
This solution was passed through another DE-52 column (10 x 
2.5 cm; equilibrated with 0.002 U phosphate pH 7.)). The column 
was washed with 150 ml 0.008 U buffer and then with a linear gradient 
consisting of 250 ml of 0.008 U buffer and 280 ml of 0.018 U buffer. 
60 ml fractions were collected at a flow rate of 50 al/hr. These 
24. 
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Table 4. 8uary of Six 4-Lactasese Purification. 
in 	
6 
At each step the total activity Is expressed /(units) x 10 and 
the specific activity is expressed in (units/mg) x 10. The final 
yield to expressed in ags. 
Starting Total activity 0.7 12.2 13.06 119 78.3 114 
material Rpecific 1.1 1.5 0 1 9 0.9 0 1 6 1.3 
After DEAE-cellulose 1.0 11.51 11.0 112 81.0 103 
chromatography 95 2.2 1.4 2.6 1.4 2.5 
After gel filtration 1.0 9.3 7.9 106 72.4 98 1 7 
13.0 15.5 9.4 15.9 14.1 15 1 9 
After second 9,3 4.5 1022 67.7 91.3 
chromatography 19.3 7.6 18.6 16.4 18.9 
Yield Of 3 4 
65 48 59 550 240 483 
-lactase 
1 initial chromatography in phosphate buffer pH 7. 
2 Rechromatography; specific activity 18.3 
3 Chromatographed at pH 6; specific activity 8.0. 
4 Third DEAE-cellulos. chromatography; 40% of preparation lost; 
specific activity 19.0. 
5 So.e activity lost by rotary evaporation. 
6 This preparation was done at room temperature. 
molarities were found to be critical for good results. On one 
occasion a third chromatographic step was necessary, but this could 
be avoided, with care (Table 4). Figure 7 shows the results of 
starch gel electrophoresis before and after the final purification 
step. 
Several purifications are outlined in Table 4 and Tables 2 and 
3 in Appendix I give more quantitative results of a single puri-
fication. Yields of E.coli -lactase of 60-65% and specific 
activities of 18,5 - 19.0 x 10 U per mg were routinely obtained. 
In general, recoveries were better at 4 
0 
 C than at room tempera-
ture (Table 4). In the larger purtf ications, the Ssphadex column 
was normally run at room temperature Lor convenience; otherwise, the 
purifications were carried out at 4 0C. This may explain the losses 
in activity at the Sephsdex stage. 
In an early purification, -lactamase was found to pass unre-
tarded through a CU-cellulose column at pH 6.2. In addition, there 
was a loss of activity, due to prolonged exposure to this pH, which 
was partially reversed by dialysis against pH 7 buffer. Subse-
quently, the too-electric point of -lactamase was found, by starch 
gel electrophoresis at various pH values, to be at p11 5.4 with 
0.02 M gel buffers and at pH 5.8 with 0.05 M gel buffers. 
The value of large-scale purification can be seen by compa*ing 
the later attempts with the first one in Table 4: a considerably 
higher specific activity was eventually obtained. This may be 
partly explained by the lack of material for really conclusive gel 
electrophoresis and amino acid analysis, from a small preparation. 
Over and above this, there doss appear to be an improvement which 
Is due to the larger amounts of material handled. 
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Criteria of Purity 
E.coli t3-lactamase was homogeneous as judged by starch gel 
electrophoresis at pH 8.5 and at pH 40. In my experience, about 
004 ag of 5-1actamaae would give a taint but distinct 1 an band in 
a starch gel slice stained for protein. In later pmmifications, 
1 ag samples of protein were used for starch gel electrophoresis. 
Thus the absence of any contaminating protein bands suggests that 
any impurities are present at less than 4% of the preparation. 
On 806-.polyacrylamide gels, a very taint band, corresponding 
to a very low molecular weight contaminant, could be seen. 
The protein was homogeneous as Judged by rschrowatography on 
D4E-oellu1ose (Table 4) and on Sephadex 0-75 in both p11 7 buffer 
and 80% formic acid. 
Enzymic Properties 
One sample of the purified enzyme had a specific activity of 
18.5 x 10 units per mg of protein (3.1 x l0' International Units 
per mg). 
The Michaelis parameters for this enzyme preparation were 
determined by measuring the initial rates of reaction at various 
substrata concentrations with the micro-assay, and using double 
reciprocal plots to calculate K 
m 
 and V 	(Linew.aver and Burk, 
1934). For sodium benzylpenicillin at pH 6.90, K was 12 FImole 
and the molecular activity (V) was 6 x 10 moles per mole 
enzyme per minute. 
The relative activities with respect to benzylpenicillin, 
ampicillin and ceporin were 100/ø, 162% and 125% respectively 
W. Fleming, personal communication). 
These relative activities are almost icentical to the earlier, 
26. 
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published values and K it pH 5.88, which is 29 paole (Chapter X), 
is comparable with the earlier value of 25 paole at pH 8.9 (Etta 
and Richmond, 1966). 
Molecular Weight 
Figures 8 and 9 are the semi-logarithmic plots of molecular 
on 
weight against V and against iiobilit,'DS-gel electrophoresis 
respectively, for -lactamase and various standard proteins. The 
respective values deduced for the molecular weight of E.coli 
-lactaase are 21 x 10 and 2.7 1O 4 daltons, 
From the amino-acid analyses (next section), a molecular weight 
of 2.0 x 1O 4 daltons was deduced, as being in approximate agreement 
with the other determinations. The amino-acid composition, in 
residues per molecule of protein assuming this molecular weight, 
includes 9 lysine and 11 arginine residues. Thus 21 (9 + 11 4 1) 
tryptic p.ptides would be expected, which is approximately the number 
which have been isolated. 	(Chapter V). In addition, there are 
6 methionine residues and 7 cyanogen bromide peptides (Chapter VIII). 
Anomalous molecular weights can be deduced from the gel-
filtration method (Andrews, 1964). 	Recently, it has been shown 
that charge alterations, due to maleylation, cause alterations in 
the mobility of proteins on 8D6-polyacrylamide gel electrophoresis. 
(rung and Knight, 1970). Thus the discrepancy in the results 
obtained by these methods is not very surprising. Their chief 
value is in indicating that the molecular weight calculated from 
the amino-acid composition is approximately correct. 
The previously reported (Itta and Richmond, 1965) molecular 
weight of 1.7 x 10 daltons was determined with small quantities 
of a preparation which may well have conttàned less than 80% 
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-lactamase and this may be considerably in error. 
The mean value of the four determinations is 2.1 x 10 daltons. 
This value for the molecular weight of Lcoli mi -1acta.aase 
is comparable with the values for the enzymes isolated by Sawsi 
et a].. (1970), Yamagishi et al (1969) and Limdqvuat and Nordatrea 
(1970). 
Amino-Acid Composition 
Duplicate samples of approximately 1 mg were hydrolysed for 
24 0  48 and 98 hours. Amino-acid analysis was by the two-column 
method (Benson and Patterson, 1965). Results were calculated in 
terms of micromoles of amino-acid applied to each column and 
normalised using the internal standard. Ixamination of these 
results in conjunction with preliminary amino-acid sequence data and 
with the molecular weight determinations described above indicated 
that there were four residues of histidine, four residues of phenyl-
alanlne, seven residues of proline and nine residues of lysine per 
molecule of protein. Accordingly, for each analysis, the total 
amount in aicromoles of each of these amino-acids was added and 
divided by 24 (4 + 4 + 7 + 9) to give the amount, in micromolee, of 
a single residue. This value was divided into the number of 
micro.ol.s of each amino-acid to give the number of residues of 
that amino-acid per molecule of protein. The mean of each of the.e 
values is given in Table 5. The final column in Table 5 gives 
the number of residues of each amino-acid per molecule of protein, 
to the nearest whole number. These values are mostly the means of 
each of the corresponding values in the first three columns. The 
values for serine and threonine were deduced by extrapolation to 
zero time. There is no evidence for a slow release of valine or 
28. 
Tabi. 5. Amino-Acid Composition of Looli -1ictuaa. 
R.sidu.a in aols/.ol -1actaaa• 
24h 48h 96h Mean 
ly. 9.0 9.1 8.9 9 
his 3.9 4.0 3.9 4 
arg 10.7 10.3 10.4 11 
asp 17.2 17.0 17.4 17 
thr 13.2 12.5 115 14 ' 
ear 9.8 8.6 7.1 11 ' 
glu 19.5 19.1 18.8 19 
pro 7.3 7.0 7.2 7 
gly 14.6 14.0 14.6 14 
ala 17.2 15.8 15.6 16 
Val 9.0 8.8 9.1 9 
met 5.5 5.0 5.3 6 ' 
ii. 8.9 8.8 9.1 9 
leu 20,2 19.0 19.2 19 
tyr 3.1 3.1 2.7 3 




See text for details. 
isoleucine. Some values for methionine are low but the evidence 
from cyanogen bromide hydrolysis of the protein (Chapter VIII) 
indicates that there are 6 residues per molecule. A low tyrosine 
recovery in one case may indicate incomplete evacuation of the 
sample tube prior to hydrolysis. There is some discrepancy 
between the various alanine and leucin. values. This my be due 
to the fact that the 24 hr hydrolysat.s were of samples from a 
different batch of protein, but the deviations are within the 
limits of the reproducibility of the method. 	In the course, of 
sequence studies, some evidence was found for the association of 
free amino-acids with the protein, which may also influence the 
validity of these results. 
Csrboxyaethyla ted -lactaise contained 0.9  mole of carboxy-
methyl cysteine per mole of protein. There was also some carboxy-
methylat ion of histidine. The analysis of a sample of -lactase 
oxidised with perforaic acid (Chapter IV) showed approximately 0.7 
moles/mole of cysteic acid. 
The chemical determination of tryptophan gave a value of 3.1  
mole per mole of protein. The molar extinction coefficient of 
the protein was 21.4 x 10 at 280 na; the molar extinction coef-
ficient calculated on the basis of 3 moles tyrosine and 3 moles 
tryptophan per mole 1. 20.8 x 10 (Beavan and Holiday, 1952). 
The reducing sugar content of the protein was found to be 
0.8 and 0.4 mole/mole for two different samples. 
Summation of residues and residue weights for E.coli - 
lactamase gives 176 residues and a molecular weight of 20 x 10 
daltons. The limitations discussed above and in Chapter IV 
preclude an accurate amino-acid composition based upon amino-acid 
29. 
analysis; the coilete amino-acid sequence is the only reliable 
source of this parameter. 
30. 
CHAPTER III. 
THE TERMINAL REGIONS OF E.COLI p-LACTAMABE 
Methods 
Fluorodinitrobenzene (Sanger, 1945) was used to investigate 
the N-terminus of -lactamese. The procedures used were those 
described by Fraenkel-Conrat at *1., (1955). 
0.5 paol of protein was dissolved in 0.5 ml of 0.2 M-NEM-
Acetate buffer, 8 II in urea in a screw-cap tube and 0.040  l of 
FD (which is liquid when stored at 37 °C) was added. The tube 
was flushed with nitrogen, sealed and shaken at 37 0C overnight. 
This procedure normally caused some precipitation of the protein. 
The excess reagent was extracted with ether, dialysed against water, 
and freeze-dried and transferred to a test tube. The solid was 
dissolved in 0.3 ml concentrated KC1 and 0.3 ml of water was added. 
It was sealed under vacuum and incubated at 105 0C, normally for 24 h. 
It was then opened and extracted three time with 0.5 ml ether, 
which was back-extracted twice with 1 ml of IM-HCI and dried in a 
stream of nitrogen. A portion of the residue,, dissolved in ethanol, 
was chromatographed in two dimensions on a 25 cm square of *mtman 
)b.1 paper, in parallel with standard rp-aaino acids. The first 
dimension was 2-methylbutaa-2-ol:2M-ammonia, (4:1) (ascending) for 
10 h and the second was 1.5U-sodium phosphate pH 8.0 (ascending) 
for 8 h (Ambler, 1963*; Levy, 1954). 
In one experiment, the remainder of the residue was hydrolysed 
In vacuo at 1050C with 116.NaClI ( Snell and Off ord, 1972) 
for 24 h. The hydrolysate was adjusted to pH 2.2 and 1.5 .l and 
was analysed for amino-acids. 
31. 
Two variants on the Iks-Cl reaction were also used with - 
lactamase. 	In the first (Gray, 1967), 0.1 &mo1e of protein was 
dissolved in 0.1 ml of 0.1 M sodium bicarbonate pH 8.5, 8 M in urea 
and 0.02 ml of saturated Ls-C1 in acetone was added. Incubation 
was in a sealed tube, on a shaker, for 8 h after which the solution 
was desalted, dried down and hydrolysed In vacuo at 105 °C with 
6N-HC]. • The Dn.-amino-acids were identified by electrophoresis at 
pH 4.38 (Chapter IV). 
The other method (K. Weber, Unpublished) involved reaction with 
Ens- in 0.1 16-Nai)03 pH 9.3 containing 10% SDS, acid hydrolysis and 
then extraction of Is-amino-ac Ida with wet ethyl acetate. This 
reagent does not extract Lks-M1 2 , which is often present in large 
amounts and which interferes with the separation and identification 
of the Is-amino-acids. Nor does it extract the Da-his, nna - E-lys 
or 1s-arg, so portions of the original hydrolysate were run in 
parallel with the extracts on pH 4.38 electrophoresis (Chapter IV). 
Inconclusive results with these techniques prompted an analysis 
for possible N-acetyl- and N-f ormyl groups (Schaer and Kreil, 1969). 
0,05 &aole of 3-lactanase was dissolved in 0.5 ml 0.1 *-HCl and 
dried down, to drive off free acetate. The residue was heated 
with 0.3 ml anhydrous hydrazine In a sealed tube at 105 °C for 16 h 
and the hydrazine was removed over )0H In vacuo. The residue was 
dissolved in 0.3 ml 0.2 U-sodium citrate pH .25 and reacted with 
0.3 ml of ethanol saturated with 1is-C1 at 37 0C, with shaking, for 
24 h. It was dried down, dissolved in 0.3 ml water and extracted 
three time with 1 ml ether. The residue was subjected to 
electrophoresis at pH 4.38 with standard ts-amino-acids as markers 
(Chapter IV). 
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Leuc me sainopept Idase was diluted ten-fold into 0,2  U-
aniva acetate p11 3.5 0 0.002 U in MCM 2 a 0.025 ml of this 
solution were added to protein samples (0.05 paole) dissolved in 
the sane buffer (Potts, 1967). Incubation was for 1-3 h at 37 0C 
and the reaction was stopped by the addition of 2 drops of glacial 
acetic acid. Free amino-acids were identified by p11 2.0 electro- 
phoresis or with the amino-acid analyser (Chapter IV). 	3-lactamase 
and LAP controls were always included. 
(rboxypeptidas• A was prepared and used according to Ambler 
(1972). 0.050 al of a suspension of CPA (80 mg/ml) was twice 
settled sut of water to remove free amino-acids and then was 
suspended in 0.1 ml 1% NaHCO3 . If It did not dissolve, than 0.1 M-
NAM was added, drop by drop, with shaking and cooling, until it 
did so. An equivalent amount of 0.1 U-lId was then added drop by 
drop and the solution was made up to 1.25 ml with 0.2 U-NEtkc pH 
8.5. If the CPA precipitated during this procedure, it was dis-
carded. 
P*oteln sample. of 0.05-0.15 *ao1e were dissolved in 0.25 ml 
of 0.2 M-NEMAc pH 8.5 and 0.005-0.1 ml of CPA was added. Incubation 
was from 0.5-4 h at 370C and was stopped by adding 2 drops of 
glacial acetic acid. The amino-acids released were normally 
Identified with the amino-acid analyser. The desiccated samples 
were redissolved in 0.2 U citrate buffer pH 2.2 and centrifuged to 
remove protein. 	-lactamaee and CPA controls were always included. 
Carboxypeptidase B (Sigma, 11 mg/ml suspended in water) was 
diluted 20-fold into 0.2 M-NEMAO pH 8.6 (Ambler, 1967). To a 
0.5 pAole sample of 3-lactamase which had been extensively reacted 
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incubated at 37°C. 
The LAP, CA and CPB used in these studies had all been pre-
treated with DFT in an attempt to inhibit endoproteolytic activity. 
Results 
The first experiment with FDNB and native p-lactamase gave a 
weak spot which chromatographed in the same position as Dap-leu and 
Lp-i1e standards. 
A second experiment was performed with performic-.acid-oxidiaed 
3-lactamase and -1actog1obulln in parallel and Ip-leu was tenta-
tively identified in each case, although the p-lactamase spot was 
weak and could possibly have been Dnp-ph* (Figure 10). 
A third experiment employed native -lactsmaee and ribonuclea.e 
in parallel. After the reaction with FDNB, one-half of the - 
lactamase preparation was hydrolysed for 15 h and the other for 40 h. 
Chromatography of all three samples gave a strong, unidentified spot 
which was subsequently identified as( -lzp-lys by pH 3,5 electro-
phoresis. The ribonuclease control also gave a spot corresponding 
to bis-Dap-lysine. Both hydrolysates of 1k4)-3.-lactaiaase gave 
spots corresponding to Dnp-leuclne, although most of the 40-hr-
hydrolysate was subjected to alkaline hydrolysis and amino-acid 
analysis. Leucine was the only significant amino-acid in the 
alkaline hydrolyaate and the yield was approximately 40%, by com-
parison with the analysis of the aqueous phase left after the 
extraction of the ibp-dor ivatives with ether. 
The results obtained with the control samples of -lsctog1obu1in 
and ribonuc lease indicated that the method was technically satis-
factory (Frank and Braunitzer, 1967; Smyth et al., 1963). 	With p.- 
lactamase, L*p-leuc in. was the only 	-amino-ac id observed, apart 
34. 
from -Itp-lys in the third experiment, which was probably due to 
an imperfect extraction from the aqueous phase. 
In all experiments with Las-Cl, -lactoglobulin was used as a 
control. Per.r orming the reaction in urea was unsuccessful, but the 
SDS method gave Js-leu from p-lactoglcbulin. These experiments 
were carried out on native and oxidised samples. 
Reaction of 0.026 paol of p-.lactaaase with Ii-Cl using the 
technique described for determining the N-termini of peptides 
(Gray, 1967a, Chapter IV) gave rise to Dna-ser, identified by pH 
438 and pH 2.0 electrophoresis and a weaker derivative correspon-
ding to is-leu or -val on pH 4.38  olectrophoreeis, but not further 
identified. 
Leucine amino peptidase did not release amino-acids from native 
3-1sctaasae when the reaction was carried out in 0.2 M-ammonium 
acetate 0.002 U in MgC1 2 nor when this buffer was made 2 U in urea 
(Hill and Smith, 197). 
A subsequent experiment with 3-laotoglobulin and -lactaasee in 
parallel, with negative results in both oases, showed that the LAP 
used in these experiments was probably inactive. 
In one of these experiments, the 3-lactamaee control gave the 
following results on amino-acid analysis: eerie, 1.4  mole/mole; 
glycine, 0.9 mole/mole; alanine, 04 mole/solo. 
The equivocal results with these experiments led to a search 
for a possible blocked N-terminus. 
Scheer and Kreil (1969) claim that 1-acetyl-2-dansyl hydrazine 
migrates to the cathode on p0 4.38  .lectrophoreeis more rapidly than 
any by-products of the hydrazinolysis and dansylation of a protein, 
and that 1-f orayl-2-dansyl hydrozine migrates with 
35. 
0.5 	0.5 
- 	0.3 	0.6 
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Figure 11 CPA blank 
spot corresponding to the acetyl-derivative was observed, but there 
was some This 	which would perhaps obscure a possible formyl- 
derivative. Incubation of fI-lactamase in 1 $-HC1 in methanol for 
1,5 h at room temperature failed to generate new NH2-t.raini. This 
technique has been used to remove N_formy1 residues (Yang, 1968; 
quoted in Needleman, 1970, p.89). 
Ikenaka et al. (1966) have converted the N-t.rminal pyroglu-
tamic acid of orosoaicoid to glutaaic acid by hydrolysis with 1 M-. 
N&OH for 72 h at 250C, but some peptide bond hydrolysis was also 
detected. A similar 48 h treatment of 3-]aotamese followed by 
This-CL treatment failed to reveal glutamic acid or any other amino-
said as N-terminus. 
The presence of carbohydrate material in -lac tars.. (Chapter 
II) suggested that this might be a conceivable, if somewhat unusual, 
derivative of the N-terminal amino-acid. The variability of the 
carbohydrate content from one sample to another renders this 
hypothesis unlikely. 
The results of experiments with CPA are shown in Table 6. 
Each of the three sets of results were obtained with a different 
preparation of CPA. The amino-acid analyses were normalised to 
1.0 residue of histidine for each amino-acid after subtracting the 
total amounts of that amino acid in the control experiments. 
Serino was always very high in the L3-laotaae control; in one case 
there was 0.5 mole serine/mole protein • There was almost no 
autolysis of CPA under these conditions. Figure 11 shows the 
amino-acid analyser charts from one of these experiments. 
These results suggest that the C-terminal sequence of 3-lac-
tames. is -(ala, leu, gly)-ser-ile-try-lys-his. 
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Very extensive hydrolysis with CPA and CPB gave a very complex 
mixture of all the amino-acids and endoproteolytic activity in the 
CPB preparation was suspected. 
The experiments with FDNB suggest that the N-terminal amino-
acid of E. coil p-lactame..e is leuc me • The results of expetiments 
with [lie-Cl can be explained by the relatively high levels of free 
amino-acid associated with p-lactaaase and observed in other 
experiment.. The [lie-Cl experiments were largely unsuccessful in 
daneylating the N-terminus of the protein but free and soluble 
serine was dansylated easily. Desalting or dialysis of Il.- or 
Dap--lactaimae would remove [lia-serine in most expe*laents. 
There is no evidence for any other amino-acid as N-terminus, 
or for a "blocked" N-terminus. 
The postulated C-terminal sequence of E. coli p-lactamese is: 
(ala, leu, gly)-ser-ile-.try-lys-his. 
These experimits also serve an additional criteria of purity 
for E.coli 3-lactaaase. 
37. 
QIAPTER IV. 
TEC IN IQUES IN AMIM)-ACID SEQUENCE DETERMINATION 
A. Generation of Peptides 
The recognition of the specificity of various proteolytic 
enzymes and of the necessity for denaturation of proteins prior to 
enzymic hydrolysis (reviewed by Bergmann and Fruton, 1941) was 
utilised at an early stage in the sequencing of proteins (Sanger, 
1952). In some cases at least proteolytic enzymes will act upon 
native proteins and seem to cause denaturation, perhaps eis,1y by 
the cleavage of a few peptide bonds (Linderstrm-.Lang, 1961). 
Various denaturation techniques have been developed (8enn.tt, 
1967) and many have been employed upon Lcoli -lactaaase. Heat 
denaturation of small samples produced precipitates which were not 
solubilised by trypsin but dissolving in 1 *1-acetic acid and 
adjusting to pH 8,5 was more successful. Trial digestion and one-
dimensional electrophoresis of these samples and of native - 
lactanase showed results which were qualitatively and quantitatively 
similar. Digestion times of 2 to 8 hours also gave similar results. 
Oxidative denaturation with performic acid (Hire, 1966) is 
often very effective, presumably because asthionine residue., which 
are often in the interior of the three-dimensional structure of a 
protein, are converted into hydrophilie methionine suiphon. residues. 
Cystetne is oxidised to cysteic acid, which is convenient for 
sequence studies, but tryptophan is destroyed. 
Performic acid was prepared by adding one part of 100-volume 
hydrogen peroxide to 19 parts of 98% formic acid and standing at 
4°C for 2 h To protein samples (20 mg/ml in 98% formic acid) 
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was added an equal volume of perforaic acid. After incubating at 
room temperature for 2 h, the samples were desiccated or diluted and 
freeze-dried. Traces of tyrosine monochioride (Ityr_Xit) were  
observed on analysis of oxidised samples( Sanger and Thompson, 19631 
Small samples of oxidized -lactamase were digested more fully 
by tryps in than was native protein. On the preparative scale, the 
oxidised protein was often largely insoluble at pH 8.5 and so it 
was dissolved in 0.3 N ammonium carbonate pH 8.3 SM In urea, 
diluted 3-fold and incubated with trypsin added in small aliquots at 
intervals (}lelinski and Ysnof sky, 1982). 
Pre-incubation for 1 h in 8 N urea followed by de-salting on 
Sephadex 0-26 in 0.1 *-ammonia with the trypsin already in the 
receiving vessel and periodic adjustment of the eluate to pH 8.5 
has also been employed in the digestion of 3-lactamase. 
Similar methods of denaturation have been employed prior to 
ohymotryptic digestion. Pre-incubation at pH 2.0 was carried out 
prior to peptic digestion. These conditions are summarized in 
Table S. 
Trypsin (Worthington SR 618.8) was treated with DPCC to inhibit 
ohymotryptic activity prior to use (Erlanger and Cohen, 1963). 
40 mg of trypain was dissolved in 4.0 ml 0.1 M-tris-hydrochloride 
buffer pH 8.0, 01 N in CaC12. 10 mg of IPCC was dissolved in 
1.7 .1 acetone and 0.02 ml was added to the trypsin solution, which 
was then incubated for 90 min at room temperature, centrifuged and 
decanted. Routinely, 4.0 ml of this solution was freshly made for 
a "major" tryptic digest and the remainder was stored frozen for 
use in the digestion of peptides. The ratio of protein to trypsin 
in these experiments was normally 40 to 1 and the protein was 
39. 
Table S. 8i.ry of 0-Lactase Digest 
gao1 P)TEIN DENATURATION DIGESTION CONDITIONS (370C) INITIAL FRACTIONATION 
2 Pert oraic acid lag MCC-tryp.in, 4h (3-25 in 5% formic acid 
8 None 4mg " Cation-exchange chromatography 
5 Perforaicacid 3mg " 	 " 	 , in urea  
5 SxO.Smg " 	 2h in urea 0-25 in 5% formic acid 
8 8 lI-urea 4mg ' 	 " 	 3h Cation-exchange chromatography 
8 E1PA 4mg " 	 " 	 4h G-25 in 0.1 It-ammonia 
2 Non. lag SBTI-chyaotrypain, Th (3-25 in 5% formic acid 
7.5 Perform.tc acid 4mg " 	 I, of 
'I 	19 " 
11 8 lI-urea Sag " 	 " 16h Cation-exchange chromatography 
9.5 Acid 5mg pepsin, 4h 0-25 in 0.1 M-ammonia 
5 iGOag C1r, 2, 30°C G-25 in 51 formic acid 
2.5 100mg " 	 48h, 306C 0-50 in 50% formic acid 
ca.20 500mg 36h, 200C 0-80 in 1 	-sodium propionate 
5 1500g " 	 30h, 20°C 0-50 in 50% formic acid 
5 150mg " 	 " ft " 	
" 	 " 
5 portions added at 15' intervals. 
dissolved at pH 8.5, in 0.2 M aonium acetate and at 5-10 ag/al. 
Despite the IWCC treatment, "Ctiymotrypain-like" cleavages have 
been observed in tryptic digests. An elegant and convincing 
explanation of this phenomenon has recently been brought forward 
(Keil-Mouh4 at al., 1971). The autolytic cleavage of a particu-
larly labile peptide bond converts -trypsin to a-trypsin, which is 
further autolysed to form Y -trypsin, or pseudotrypsin, which is 
partially active as an esterase and has an altered, broader 
specificity with polypeptides, cleaving bonds at the C-terminus of 
basic and hydrophobic amino-acids. 
In the course of attempts to remove pseudotryps in from tryps in 
by ion-exchange chromatography (?roux et al., 1962), it was dis-
covered that a preparation which displays both tryptic and pseudo-
tryptic activity at pH 8.5 displays only tryptic activity at pH 4.0. 
The following assay was suggested by I&. 0. Pettigrew. A 
10 mg/mi suspension of glucagon (Sigme) in water was used as sub-
strata. 0.010 .1 of this suspension was reacted with 0.010 ml of 
trypsin solution (1 ag/al) in 0.10 ml buffer. After 24 ii at 37°C 
the tubes were dried in vacuo and reacted with Dns-C1 (Gray, 1972a). 
The 1ia-amino-acids were separated by el.ctrophoresis at pH 4.38 
and those present were estimated semi-quantitatively (Table 7). 
40. 
Table 7. 








Ala ++ + + 
I, 
Thr +4. +4. + - - - - 
OTyr + -I-f 
44 + +4 + +4. +4 
bisTyz' + + + + + + 
Arg 
Lou + + 
08 	(Jiucagon Blank. 
x-Tyr was very weak.  
Histidine is the N-terminal residue of glucagon. Only 
tyrosine, arginine and alanina N-termini should be generated as the 
result of oleavare of 4ucagon by - or -trypsin (Keil-Dlouha 
et *1., 1971). 'Y -trypsin will, however, produce threonthe and 
leucine N-termini in addition to these. Thus the absence of is-leu 
and Dns-thr at low pH may indicate a low pseudotryptic activity 
relative to tryptic activity. Trial digests of -lactase and of 
various cytochromea (0. Pettigrew and fl.P. Ambler, personal 
cmicatioii) at pH 4.0 indicated that only limited digestion took 
place, but the technique may be useful in avoiding pseudotryptic 
activity in the sub-digestion of peptides. 
40 mg of ohymotrypsin (Worthington CD 16108) was dissolved in 
3.0 ml of 0.2 11 ammonium acetate p1! 8.5 and 4 ag of SDTI in 1.0 ml 
of this buffer was added. After 1 h at 370C, the preparation was 
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centrifuged and decanted (Ambler, 1983b). The use and storage of 
this enzyme was as for IPCC-trypsin. 
Pepsin (Worthington) was simply dissolved in pH 2.0 buffer 
(2% formic acid in 8% acetic acid) and immediately added to the 
protein sample, in the same buffer at 10 mg/al. 
Incubation time for enzymic digestion varied from 2 h to 20 Ii 
(see Table 8). Dilution and shell-freezing prior to freeze-
drying were normally used to stop the reaction. 
Cyanog.n bromide was also Used to cleave the -1actamese 
molecule (Gross and Witkop, 1962). In acid, CNBr reacts with 
asthionine residues in proteins to fore cyanosuiphonium bromide 
derivatives which cyclise to form Internal izinolactones of ho.o-
serine which decompose and cleave the peptide chain. The fragments 
have homoserine (in equilibrium with its lactone) at the C-terminus. 
Generally, the -1actaaaso was dissolved at 40 mg/al in 50% 
(V/V) formic acid and one-and-a-half-times as much CNBr (by eight) 
In the same volume of 50% formic acid was added. This represents 
an approximate 50-fold excess of CNBr. After overnight reaction, 
less than 5% methionine remained. 
In one experiment, an old sample of CNBr was used. After 
the reaction, the solution was purple in colour and there was 
considerable precipitation. About 16% methionine remained. 
It was difficult to solubilise the freeze-dried preparation and 
only the small CNBr-peptides were successfully purified. 
Analysis of older samples of peptides and protein sometimes 
Indicated some asthionine suiphone. Thus it was felt that reduc-
tion of a protein sample prior to adding CNBr might improve the 
yields of peptide. An 8 K urea solution was deionised with 
42. 
"Biod.minrolit" resin (Parmutit), made 0.2 11 with respect to Tris-
hydrochloride and adjusted to pH 8.0 with 1 M-HCI. After bubbling 
nitrogen through this buffer, 25 ml was added to 580 mg p-lactaae 
in a screw-cap flask, vhich was flushed with nitrogen. The flask 
was placed on a balance and 100 mg of 2-aercaptoethanol was added 
with a Pasteur pipette, followed by a nitrogen flush. After 3 h 
at 370 , the protein was precipitated with 10% TCA, collected by 
centrifugation and washed with ether (Crestfield at ml., 1963). 
Subsequently, the protein was not entirely soluble in formic acid. 
After the CNBr reaction, an attempt was made to fractionate the 
products on Sephadex 0-50 in 1 11-sodium propionate. 
B. Purification of Peptides 
In some digests, S.phadez gel filtration was used as a pre-
liminary purification step. Columns (100 cm x 1 cm) of Sephad.x 
0-25 and 0-60 (Pbaraaoia; fine or superfine grade) were packed as 
described in Chapter II. The chosen eluenta were normally 5% 
(V/V) formic acid or 0.1 11-ammonia. 5% formic acid, 8 11 in urea, 
was used to fractionate cyanog.n bromide peptides but the removal 
of urea was a disadvantage; 50% formic acid was found to be most 
suitable, although care must be taken that proprietary synthetic 
column fittings are not over-exposed to this solvent. An attempt 
to fractionate cyanogen bromide peptides using Sophadex 0-50 in 
1,0 11-sodium propionate (0. Prank, personal communication) was 
unsatisfactory as there was some precipitation in th. column. 
Column effluents were continuously monitored with respect to 
optical absorbance at 254 na (LICB "Uvicord") and small (1-2 .1) 
43. 
fractions were collected. Portions of each fraction (0.04-0,08 ml) 
were subjected to paper electrophoresis at ph 6.5 to form a "p.ptid* 
map", which was used to divide the frmetions into a few pools which 
were fractionated by electrophoresis. 
In sow cases, ion-exchange chromatography was used as the 
initial fractionation procedure. The methods used were basically 
those of Schroeder (1967) and the equipment was largely from a 
defunct peptide analyser (Technicon). 
The buffers used were: 
(1) pH 3.1 pyridinium acetate, 0.2 M in pyridine. 
pH 5.0 pyridiniue acetate, 2 U in pyridine. 
p11 5.6 pyridinium acetate, S U in pyridine. 
The pyridine was re-distilled from ninhydrin. 
The resin (Technicon "Qiro.obeads" Type P; 4% cross ]Linked 
cation exchange resin) was washed with several volumes of water, 
with 0.2 M-NaOH, again with water, with 0.2 U-Nd, yet again with 
water and finally with starting buffer before each experiment. A 
column ( 30 cm x 0.9 cm) was packed with a positive-displacement 
pump and jacketed at 55°C. A spare column mounted on an amino-
acid analyser was most effective. The sale was dissolved in 
1-2 ml of starting buffer (pH 3.1), allowed to flow on to the column 
under gravity, and washed in with more buffer • The column was 
developed initially with a linear gradient from pH 3.1 to pH 5.0, 
using the pump. A final wash with 25 ml of pH 5.6 buffer was used 
to remove any tightly bound peptides. The effluent was monitored 
continuously at 254 na and fractions of 1-2 ml were collected. A 
peptide mop was prepared as above. 
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with trypsin. Figure 12 shows the peptide map of one such trial 
together with the results of analysis of some of the peptides 
fractionated; the peptides examined were not as pure as the peptide 
map seemed to indicate and were mostly small. Nevertheless, the 
yields were encouraging. In another trial, an attempt was made to 
improve the separation of the more acidic peptides by using 0.2 M 
pyridinium formate buffer pH 1.85 and 2 M buffer pH 4.95 to construct 
the gradient but there seemed to be a lower recovery of neutral and 
basic peptides. 	Instead, a shallow concave gradient of the original 
acetate buffer, was used, the mixing vessel holding 150 ml of pH 3.1 
buffer and the reservoir holding 100 ml of pH 5.0 buffer. 
Figure 19 (Chapter V) shows the peptide map of the ion-exchange 
chromatography of a tryptic digest of 3-lactamase. This was fairly 
reproducible. 
There was always some insoluble material in digests prior to 
either initial purification step, It was removed by centrifugation 
and generally proved to be insoluble in 50% formic acid, in equal 
volumes of 5% formic acid and ethanol and in 8 V ursa. In the case 
of one tryptic digest in which pre-incubation in urea and de-salting 
were used to denature the protein, the insoluble material was pre-
cipitated at the end of the digest with 10% TCA. The precipitate 
was dissolved in 1 .1 of equal volumes of 5% formic actd and 
ethanol (R.P.Ambl.r, ubpublished). It was applied to a column 
(50 an x 0.5 cm) of Poragel A-25 (Waters Associate. Ltd.) in this 
solvent. Poragel is stable and inert cross-linked styrene in bead 
form and is suitable for gel filtration in organic solvents as it 
does not shrink. 




















paper electrophoresis and chroaatoraphy were used. Electrophoresis 
was carried out with sheets of paper wetted with buffer and dipped 
in buffer troughs at either end and entirely immereed in an organic 
coolant (Kiehl, 1951). Electrophoresis was routinely at pH 6.5 
(pyridiM:acetic acid: water - 26:1:225; 8% pyridine in toluene as 
coolant; Ryle jji•, 1955), at pH 3.5 (pyridine:aoetic acidgwater - 
1:10:89; white spirit as coolant; Ryle 	1958), and at pH 210 
(2% formic acid in 8% acetic acid; white spirit as coolant; Ambler, 
1963b). Descending paper chromatography of peptides was carried 
out for 18 h using BAWP (Waley and Watson, 1983). A standard 
mixture of amino-acids and coloured markers was applied to each 
paper purification (Milstein and Milstein, 1988). The dimensions 
and layout of the various papers, and the eventual positions of the 
standards, are shown in Figure 13 • Trial runs and weak samples 
were run on Whatman No .1 chromatography paper • and stronger preparative 
samples were run on Whatman 3 mm. The latter was preferred for 
peptide maps, as it is stronger* The loading of samples on papers 
was loosely based on a maximal loading of 0.08 imole of whole, 
digested protein per cm for 3 mm paper, and about one quarter of 
this for No.1 paper. A potential difference of 2-3 kilo volts 
gave currents of up to 250 ma. 
ptides were located by the following methods: 
Ultraviolet Fluorescence. Tryptophan and tyrosine p.ptid.s 
fluoresce if viewed under an ultraviolet light but other peptides 
can also fluoresce if warmed. 
izhydrtn. The paper was dipped through 0.2% fresh Ninhydrin 
Obrck 	) in acetone, dried in air and heated to 105°C for a 
few minutes (Toennies and Kolb, 1951). Material containing 
46, 
aaino-groups gave a dark blue colour. Glycine, and sometimes 
threonine and serine, N-termini gave a greenish-brown colour, if 
there was no other amino-group in the molecule. Similarly 
hydrophobic N-teraini sometimes gave a weaker colour than normal. 
Peptides with no amino-groups did not give any colour at all. 
Poor colour yields were sometimes found with pH 3.5 electrophoreto-
grams if the ninhydrin solution was not fresh. 
Chlorination (Rydon and Smith, 1952). The paper was dipped in 
acetone and left in a chlorine atmosphere (generated from equal 
volumes of saturated, aqueous K1iO 4 and 2,4 14.-HCI) until the 
ninhydrin colours disappeared. It was then hung in air for 10 mm 
and sprayed with a solution mede by boiling 5% starch in 0.025 M-KI 
and cooling. Material containing peptide bonds gave a very dark 
blue celour against a pale blue background. This technique was 
used routinely in the early stages of many purifications. 
Tyrosine (Jppson and Smith, 1953). The paper was dipped through 
0.1% 1-nitroso-2-naphthol in acetone, dried in air and then dipped 
through 10% nitric acid in acetone. When dry, it was heated in an 
oven with an extractor. Tyrosine-containing peptides gave a red 
colour. This technique could be used after ninhydrin but the 
paper could not be subsequently stained again. 
Histidine (The Pauli reaction Dent, 1947). Both aides of the paper 
were sprayed with a solution made by cooling and mixing equal 
volumes of 1% sulphanilio acid and 5% sodium nitrite. When dry, 
It was sprayed with 15% sodium carbonate solution, whereupon an 
orange colour was given by histidin.-containing peptides and a 
darker red colour by tyrosine-containing peptides. This stain 






p,oT o r- Moc,tt-Ir'y AT
p4 '.5 vs, MOLELVLAP, 
W.%(rWV cog. PEPTiPS. 
(occop , 66) 
PJ( (HMCi-E. = 13 
±2% 
ut4iE 
too 	2O0 	300 4w 5 0 	teoO 	L000 	 S000 
MoLE()LM. WE*WV 
Tryptophan h r 1 Ic h S reagent; I.1g1eish, 1982). The paper was 
dipped through a solution consisting of 9 parts of 4-dim.thylaaino-
benzaldehyde in acetone and one pert of concentrated EC1 • It was 
dried in air and tryptophan-containing peptides gave a greyish-
purple colour after about 5-10 mm. This colour faded quickly. 
This stain could be used after ninhydrin. 
hatin (Acher, Frogeot and Jutisz, 1950). The paper was 
dipped through 0.2% isatin in acetone with 4% glacial acetic acid. 
On drying and heating peptides with proline N-terminus gave a 
bright blue colour. This stain could be used before ninhydrin. 
Carbohydrate. The paper was sprayed with 1% 0-dianisidine in 
acetone. Dianisidine is carcinogenic and appropriate precautions 
were taken. On drying and strong heating, tlucose samples gave a 
yellow/brown colour. This stain can be used before ninhydrin, 
which then gives green spots instead of blue. 
Peptide Mobilities 
The standards used in electrophoresis and chromatography were 
used to express the mobilities of peptides. Mobilities are 
expressed relative to lysine (m= + 1.0) and aspaitic acid (a = 
- 1.0)  and are measured from the centre of the neutral band (which 
moves slightly towards the cathode due to endosmosi.) to the leading 
edge of the peptide band (Ambler, 1963b; Off ord, 1966). 
Figure 14 shows a plot of log (molecular weight) vt I (mobility) 
at p11 8.5 for peptides with various charge. (Offord, 1986). This 
figure was used to calculate the charge on a peptide from its 
mobility add amino-acid composition and hence the number of saides 
of acidic amino-acids could be calculated. 
Following the detection of pspt ides on the guide strips of 
48. 
electrophoretogrLms and chrontoraas, the corresponding lateral 
strips were cut out and eluted into acid-cleaned teat-tubes with 
0.1 U-ammonia, or, for very big peptides, with 1 U-acetic acid. 
Criteria of Purity 
Peptides judged pure by paper electrophoresis and chromato-
graphy were analysed qualitatively for amino-acids and for N-
terminal amino-acids. These analyses served as a further check 
of purity before committing the peptides to further analysis 	The 
quantitative amino-acid composition gave a definitive assay of 
purity. 
Peptide Nomenclature 
The initial letter in the designation of a peptide iddicetes 
the mode of digestion; T for trypsin, C for ohymotrypsin, P for 
pepsin, X for cyanogen bromide, S for subtilisin, U for thermolysin 
and Q for papain. 
Bach of the primary fractions was numbered. Subsequent 
fractionation was numbered or lettered. Thus T17s, TlTh and T17o 
were purified by electrophoresis from fraction 17 of an ion •xohang* 
purification of a tryptio digest. Siai]i.rlyr, C392a dad C392b were 
find in fraction 3 of a gel-filtration purification of * chyao-
tryptic digest and were subsequently purified by three different 
stages. 
C. Analysis of Peptides 
composition 
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hydrolysis of a small sample of peptide followed by electrophorsis 
at p11 2.0 to separate the amino-acids (Levy and Chung, 1954). This 
technique was also used to check the purity of sample., to estimate 
how much of the samples to use in subsequent procedures and as a 
semi-quantitative analysis of small peptides produced by sub-
digestion. 
0.01-0.02 11mole of peptides were desiccated in test tubes 
(3.5 cm z 0.6 cm), to each of which was added 0.10 ml of SN-Rd 11 
The tubes were sealed and incubated overnight at 105°C. They were 
then opened and dried over NaCil in vacuo. Each sample was re-
dissolved in 0.01 ml of 0.1 M-amaonia and applied as a 1 cm streak 
on a sheet of 1batman No.1 paper. The layout of the sheet, 
together with the composition and eventual disposition of the amino-
acid markers is shown in Figure 15. Electrophoresis was at pH 2.0 
at S kV for about 15 mm, during which time the E .-DNP-lys marker 
moved about 10 cm. The paper was dried and dipped through 0.21 
ninhydrin in acetone containing a few drops of glacial acetic acid 
and of 2,4,6-collidine (Midland Tar Distillers, Four Ashes, Staffs.). 
On gentle heating, aspartic acid appeared as a turquoise colour 
which deepened with stronger heating. The various colours of the 
amino-acids are shown in Figure 15 • A tryptophan degradation 
product could sometimes be seen as a fluorescent spot near glutamic 
acid before staining. 
For quantitative amino-acid analysis, samples were dried down 
in 10 x 1.2 cm Pyrex test tubes. 0.2 ml of concentrated HC1 
(DDII "Aristar") was added to each, followed by 0.2  ml of water. 
The tubes were drawn out, frozen in methanol/solid CO 2 , evacuated to 
at least 0.2 torr and sealed. They were kept at 105°C for 24 h 
50. 
and desiccated over ?öOH. Threonine and serine are slowly 
destroyed by this treatment and so whole protein samples were 
hydrolysed for different times to permit an extrapolation to estimate 
the original amounts of these amino-acids (see Tabèe 5 in Chapter 
II). Hydrolysates were normally stored in vacuo until Immediately 
before analysis. 
Alkaline hydrolysis with baryta water (Noltran et al., 1962) 
was used to estimate tryptophan and methionine destruction in 
photo-oxidation experiments, but the hydrolysates were non-
stoichioaetric in most amino-acids, perhaps due to their absorption 
on to the solid barium carbonate. 
Automatic amino-acid analysis was carried out by the accelerated 
two-column method (Benson and Patterson, 1965) on a Beckman Model 
120C analyser or by an accelerated and modified version of the 
single-column method (Hamilton, 1963) on a Biocal RC200 analyser. 
Sanpies were dissolved in 0.2 M sodium citrate pH 2.2 
containing known amounts of norleuc me and 2-aaino-3-guanidopro... 
pionic acid as internal standards (Walsh and Brown, 1962). This 
permitted normalization of results to minimise volumetric errors. 
The analysis involves the separation of the amino-acids by 
chromatography on a cation .xxthange resin developed at high pressure 
by a series of buffers, followed by a continuous reaction of the 
effluent with ninhydrin in a boiling water bath and continuous 
automatic spectrophotometric monitoring of the product • Thus a 
chart is produced in which an amino-acid is characterised by the 
position and quantitated by the area of a peak (Spacknan et al., 
1968). 
Periodically, the analysers were calibrated by analysing 
CT) 51. 
several standard amino-acid mixtures and thus calculating the 
"ninhydrin colour constants" which related the height of each peak 
to the amount of amino-acid present. 
The accuracy and precision of the technique have been quoted 
as 100 ± 3% (Benson and Patterson, 1965) for samples of 0.05 to 
0.2 Paolo. The standard deviation on four successive standard 
single-column runs with 0.025 Paolo of each amino-acid was 100 + 
3% and so the accuracy was 100 + 6% (Spacksan et al. 1988). 
Many peptide samples were of 0.010 Paolo or less. Men the indices 
of precision are compiled for the analysis, the normalisation of 
the analysts and the calculation of the amounts of amino-acid, a 
figure of 100 + 9% emerges. 
The results of peptide analysts are expressed in moles/mole 
of peptide to one decimal place and all impurities greater than 
10% are included. 
No amino-sugar, were detected on whole protein analysts. 
Carboxymethylcysteine and 1- or 3-carboxymethylhjitidine were 
detected by their position relative to other amino-acids and were 
estimated using the constants for aspartic acid and glutamic acid 
respectively (Ourd, 1967). 3-nitrotyrosine was quantitated in the 
nOrmal way, using a standard solution. 
CNBr peptide hydrolysates contained almost equal amounts of 
hooserjne lac tone and homos.rine. If the hydrolysates were 
heated to 1050C for 1 hr in a sealed tube with 0.1 ml of pH 6.5 
electrophoresis buffer, dried down and re-dissolved immediately 
before application to the analyser, then the lactono was converted 
completely to homoserine and could be separated from glutamic acid 
on a column of Locarte No.12 resin at pH 2.87 (Ambler, 1965). 
52. 
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This procedure was followed for analysis of the major CNBr peptides. 
liomoserine was not resolved on the single column analysis and even 
long incubations in anhydrous TFA before analysis did not give 
complete recovery of hoaos.rine lactone (Armstrong, 1949). For the 
analysis of sub-peptides by the single-column system, no attempt 
was made to alter the equilibrium. 
Peptide N-teraini (Gray 1972*) 
0.01 - 0.02 &ao1e saq,J..s of peptide were dried down in small 
(2.6 cm * 0.4 cm) test tubes, 0.01 .l of 0.1 1$-sodium bicarbonate 
was added to each and this was also dried down. 0.01 ml of water 
followed by 001 ml of lis-C1 in acetone (2.5 mg/ml) was then 
added. The tubes were sealed in small beakers with "Parafila" 
and incubated at 370C for 1 h. They were then dried down, ). 050 ml 
of ON-HM was added, the tubes were sealed and incubated overnight 
at 105°C (4-6 h if prol Inc was suspected at the N- terminus). when 
cool, they were open and dried down over 1Off. 
The samples were taken up in 0.01 ml of 50% pyridine and 
applied to a sheet of Whatn 3 ma paper for electrophoresis at 
pH 4.38 (Pyridine:Acetto Acid:Water :: 3:6:500). 	The dimensions 
and layout of the paper, together with the eventual positions of 
the s-amino-acid markers, is shown in Figure 16. The electro-
phoresis was in an apparatus of the "cooled-plate" type (Gross 
1961) with a potential difference of 7 kV and a current of 170-220 
ma for 2 h. Best results were obtained with pH 4.38 pyridine 
acetate buffer in the reservoirs and pH 4.40 buffer for wetting 
the paper. Dns-tryptophan and x-lia-tyrosine were rarely detected 
by this technique but bts-Dna-tyrosine signified that tyrosine was 
N-terminal. 
53. 
Dns-ser, 1s-a1a and Dns-gly were cut out of the paper and 
sewn on to a sheet of Whatman 3 me for electrophoresis at pH 20 
(Naughton and Hagiopan, 1962). Similarly Dos-leu, Dns-vai, 
Dins-tie, Dna-phe, Dna-pro and Dns-thr were confirmed by descending 
paper chromatography in PEAW (Boulton add Bush, 1984). The 
chromaèograz was placed in the tank for 2 h with a "balance sheet" 
to saturate the inside of the tank with vapour before the 16 h 
chromatography was started. 
Peptide C-termini 
The carboxypept idase A and B were prepared as described in 
Chapter III. 	0.025-0.05 tmole of peptide in the appropriate buffer 
were reacted with 0.005-0.10 ml of the enzyme for a given time. 
The amino-acids released were sometimes identified by electrophoresis 
and more often on the amino-acid analyser. 
Peptide Sub-digestion 
The tryps In and chymotrypsin solutions described earlier, 
diluted to 1 mg/al and pepsin freshly made up at 1 Pg/al, were 
used for peptide sub-digestion. The conditions were as for protein 
digestion, with 0.01 ml of enzyme for 0.1 jLmole of peptide. 
Subtilisin (Novo 	) was dissolved in 0.2 )I-am.oniva 
acetate p0 8.5 at 1 mg/mi and the peptide was dissolved in the same 
buffer. 
Papain (Sigma; 17 mg/mi suspension in water) wa added to The 
peptide dissolved in 0.1 ml pyridine acetate pH 6.5 (electrophoresis 
buffer), containing 0.001 U dithiothrsitol. 0.010 ml of suspension 
was used with approximately 0.2 paole of peptide. The tube was 
flushed with nitrogen, sealed and incubated for 10 h at 37 °C 
(Ambler, 1963b). 
54. 
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Thermoysin (Daiwa Kasei, Osaka, Japan) was dissolved at 0.5 
ag/al in 0,2 11 ammonium acetate pH 8.5, 0.008 M in Cad 2 and 0.01 ml 
was incubated with 0.1-0.2 pwle of peptide, dissolved in the saw  
buffer, for 3-4 h (Ambler and Meadway, 1988). 
After sub-digestion, the solutions were dried down in a 
desiccator and then fractionated usually by p11 8e5 or pH 3.5 
electrophoresis. A strong neutral band observed at pH 6.5 was cut 
out and sewn on to a paper for electrophoresis at pH 3.5. 
The Edn Reaction (Figure 17) 
Chemical sequencing was done by Rin 's reaction (reviewed by 
Edaan, 1970) using the "Dansyl-Edaan" procedure (Gray, 1972b). 
Peptide samples were dried down in small screw-capped tubes, and 
then redissolved in 0.20 ml of 50% pyridine. 0.10 ml of phenyliso 
thiocyanate (5% in pyridine) was added and the tubes were flushed 
with nitrogen, sealed and incubated at 37 °C for 1 h. The PITC 
solution was stored at -10°C under nitrogen and was freshly prepared 
every two or three days. 
The tubes were desiccated at 60 °C for 1 h and, when cool, 0.18 
ml of anhydrous trifluoroacetic acid was added. They were flushed 
with nitrogen, sealed and incubated at 37°C for 0.5 h and then 
dried down in a warm desiccator for 0.5 h. 
0.28 ml of water was added, followed by 1 ml of butyl acetate. 
The tubes were mixed thoroughly and the butyl acetate layer was 
separated by oentrifugation and discarded. This extraction was 
repeated twice and the samples were then dried down prior to the 
next cycle. 
For the second and subsequent cycles, the samples were re- 
dissolved in more than 0.20 ml of 50% pyridine, such that a suitable 
55. 
portion could be removed for N-terminal analysis. Starting with 
0.2 aol* of an octapeptide, one-eighth of the material after the 
first cycle was removed. This fraction was increased until one-
half was removed prior to the last cycle. In some cases the last 
amino-acid was identified by pH 2.0 electrophoresis but often, 
especially with 8a511 amounts of larger peptides, the chemical 
sequencing was Incomplete. 
The use of fresh PITC was critical, as was the necessity of a 
nitrogen flush before the coupling reaction between PITC and the 
N-terminus of the peptide, as oxidative desuiphuration of the 
PTC-amino-acid can occur, leading to a phanylcarbamyl compound 
which will not react further (Edin, 1970). Thus some or all of 
the peptide sample can be effectively lost. 
Small bottles of TFA were used as it is hygroscopic and 
aqueous TFA might lead to peptide bond cleavage. 
The extraction procedure was sometimes omitted towards the end 
of a degradation where low yields were suspected. Sometimes no 
Portions weem taken for the first few cycles, if the peptide had 
already been partly sequenced. 
"Iggsdness" i.e. the sequential degradation becomes partly 
out of phase and several N-termini are identified after each cycle, 
was encountered in some cases. At the cleavage reaction, the 
equilibrium does not lie entirely towards the free PTC-amino-acid 
and so there is some residual PTO-peptide wlich may be cleaved at 
the next cycle (Edman, 1970). Automatic sequential degradation 
incorporates two cleavage reaction steps to avoid this effect. 
56. 
SPITC 
One of the disadvantages of the Edman degradation to that a 
large, denatured polypeptide, which is relatively insoluble in the 
reagents used, is rendered even less soluble by the formation of 
hydrophobic -PTC-lysine derivatives. The recent availability of 
4-aulpho-PITC (SPITC; Pierce; Burr et al,, 1970) prompted some 
expe*lments with this compound as a means of rendering polypeptides 
soluble throughout the Edman degradation. 
Preliminary experiments indicated that in 50% pyridine, SPITC 
reacted very slowly with ribonuclease. The pH of 50% pyridine 
was found to be about 7 and so 0.4 M N--ethyl morpholine in 50% 
pyridine, adjusted to pH 9.3  with 25% aqueous TFA was used as the 
buffer for this reaction. 
The reaction of SPITC with ribonucleaso was followed by assaying 
free amino groups with 2,4, 6-trini trobenzene sulphonic acid (Habe.b, 
1966). 1 psole of oxidised ribonuclease was dissolved in 1.0 ml 
of the buffer described above and divided into 4 aliquots, to each 
of which was added 0.1 ml of 7% SPITC. The mixtures were incu-
bated at 370C for different times, from 2-14 h after which 0.1 ml 
of 0.1% TNBS in 0.1 M-NaHC'03 buffer pH 9.3 was added, followed by a 
further incubation at 37°C for 1 h, when 0.1 ml of 10% 8DB and 
0.05 ml of 1 1(-I1 was added. After standing for 5 mm, 1.0 ml 
of water was added and the extinction at 335 na was measured, 
relative to a reagent blank. It was calculated that a 2 h incu-
bation with SPITC blocked 45%, a 6 h incubation blocked 80%, and a 
14 h incubation blocked 91% of the amino groups. 
SPITC was dissolved at 70 mg/al in 0.4 M NEM in 50% pyridine, 
pH 9.3 and 0.10 ml was added to 0.2 iaole protein in 0.20 ml of the 
57. 
Table 9. 
8.u.ntia.l Degradation of 025 jao1 SPITC-Tysatd Ribonuojea., 
Cycle 1 	2 	3 
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5 	6 	7 	8 
lye .012 .006 .006 
asp 
tbr 
glu .020 .004 
gly .005 .008 
ala .005 
val .004 
ii. .004 .002 .002 




.009 .009 .001 
.007 .008 .001 
.007 .008 .004 
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glu • ala ale, ala ph./gly 
glu thr ala 	ala ala lye ph* 
• PTh-tbr undergo.. -s1iaination on hydrolysis to 
yield gly (Van Orden and Carpenter, 1964). 
+ Faulty analysis. 
1 Smyth .t al. 1963. 
same buffer. The tube was flushed with nitrogen, sealed and 
incubated, with shaking, for 18 h at 37°C. The solution was then 
desalted on Sephadex G-28 in 0.1 U-ammonia, to remove excess SPITC, 
and was freeze-dried. 
The SPITC-protein was degraded by the Edman method, using the 
"SES-Densyl" technique (K. Weber, unpublished; Chapter II) for the 
Identification of the N-terminus after each stage. Residues 2-6 
In bovine ribonuclease and residues 2-5 in sperm whale myoglobin 
(Dayhoff and Eck, 197)) were successfully identified in this way. 
Experiments with p-lactoglobul in, deoxyr ibonuc lease and (3-lactase 
were unsuccessful. 
SPITC-ribonuclease was also sequentially degraded as described 
above, but with extraction with ethyl acetate at the end of each 
cycle instead of butyl acetate. The pooled ethyl acetate was 
removed in a stream of N2 and the residual PTO-aaino-acid was 
desiccated and then hydrolysed in 8 M-HC1 In vacuo at 1300  for 24 h 
(Van Orden and Carpenter, 1864). Th. Rd was removed over NaOH 
In vacuo and the solid was dissolved in 0.2 I&-sodium citrate pH 2.2 
and analysed for amino-acids. Table 9 shows the results of this 
experiment. The results of similar experiments with otter proteins 
were poor, probably due to faulty extractions which led to contam-
ination of the hydrolysates with whole protein. With care, the 
technique may be useful for sequencing the first few residues in 
proteins and large peptides. 
SPITC and other hydrophilic PITC derivatives have been success-
fully employed in automatic sequential degradation (Braunitzer 
et Al., 1971). 
68. 
CHAPTER V. 
TRYPTIC PDTIDES OF E.COLZ -LAcrAMA8E 
In the cours, of this pork, five indpndnt tryptic digests 
have been examined; the experimental details relating to thee are 
susrised in Table 8 (Chapter IV). Figure 19 shows the peptide 
p of the fractionation of the second tryptic digest by cation-
exchange chromatography; this proowdur* was also followed with the 
third and fifth digests. The fourth digest was initially fraction-
at.d by gel filtration on Sepbad.x 0-28 in 8% formic acid, in order 
to ensure that peptides were not irreversibly bound to the ion-
•x&lauge resin. The first digest was fractionated in the same way; 
the yields of peptides were very small and have not been included 
In the following results. 
I'Ibl• 10 lists tryptic peptides which have been found in good 
yield and extensively charaotarised. Table 11 lists tryptic 
psptides for which analytical data is less reliable. Table 12 lists 
some peptides found in low yield in tryptic digests. Peptid.s for 
which amino-acid analyses were unint.rpr.table have not been 
Included. 
The electropboretio mobilities (defined in Chapter IV) were 
mainly measured on preparative electrophoresis. V/Vo was not 
accurately determined and so the numbers in these columns represent 
the primary fractions) in which the corresponding peptides were 
found in the fourth digest. 
The Tryptic Peptides 
1. T2d/r 	 arg,asx,thr 4 ,pro,a1a3 ,a.t2 ,], 
These peptides have the Base composition and the same N-terminal 
59. 
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Key To Table 10 
The column "v/v 0.-25" simply lists the number of the Sephadex 
0-25 primary fraction in which the peptide was found; accurate 
elution volumes were not calculated. 
The purification of a peptide is summarised by: 
C : ion-exchange chromatography 
S $ Sephadex 0-25 gel filtration 
6 : electrophoresis at pH 6.5 
3 : 	 " pH 3.5 
2 s 	 " pH 2.0 
B : paper chromatography in BAWP. 
The symbols are arranged in the order in which the purification 
stages were carried out. 
Some amino-acid analyses are reported as estimated residues 
per peptide. This was sometimes necessary with bad amino-acid 
analyser runs. Others are reported to one decimal place in 
residues per peptide, with all values greater than 0.1 included. 
Tryptophan was usually detected by Ehrlich'a reagent on paper, but 
not quantitatively analysed. 
Unequivocal N-termini and sequential degradation results are 
reported. Tentative identifications and weak spots of Dns-aaino-
acids are bracketed. Complete sequential degradations are 
terminated by a vertical bar. 
This key also applies to Tables 11 0 12 9 14, 15 9 17, 19 and 20. 
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sequence. Peptide T4b was isolated in lower yields than T2d in 
the second and third digests but this -y  have been due to the mOre 
•xtansive purification that was necessary. The .1.ctrophor.tic 
mobilities of these peptides are: 
a 	 at 
T2d 	 -0.05 	 0,2 
T4b 	 0.0 	 0.1 
They are effectively neutral at pH 6.5 and have no amide groups but 
T4b is slightly more acidic at pH 3.5. A possible explanation of 
this phenomenon is that T2d contains a-aspartic acid and that Tth 
contains p-aspartic acid. An equilibrium between the two forms 
could be set up in the acid conditions prevailing during the 
oxidation of -lactaaaae and the fractionation of the products 
(Swallow and raha., 1958). The relative mobilities at pH 3.5 
are coarab1e with those of a- and -asparty1-p.ptid.s (Swallow 
and Abraham, 1958; Naughton at al. 1960). 	An equilibrium between 
the two forms would explain why a partial sequential degradation 
was possible. 
Peptide 2d was sub-digested with chy.otrypsin. Most of the 
compositional data in qualitative. 
Peptide 	a' 	N-terminus 	Composition 
T2dcl 	-0.36 	sax 	aap,thr2 .et21  pro, ala2 
T2dc2 	-0.1 	sox 	(aapthr,aet,proala) 
T2dc3 	+0.25 	ala 	 (alathr,leu) 
T2do4 	+0.5 	ala 	 (ala,thrleu,arg) 
T24c5 	+0.65 	- 	 - 
T2dc6 	+0.9 	arc 	 (arc) 
The sequence of T2dc4 was ala-tbr-thr-(1.usrg). T2dol and T2do2 
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say represent - and -asparty1-isomers of the -terainal chyso-
tryptic peptide. 
Incubation of T2d with CPA and CPB (0.07 peol peptide, 0.02 ml 
each .nryas) released the following amino-acids x thr, 1.8; ala 
1.0; met, 0.4; leu, 1.01 arg, 1.1. 
Th. sequence at T2d is: 
"p-thr-thr-.st-pro-ala-a1a-a, t-ala-tbr-thr-leu..arg 
T2dcl 	 —T2dc4 
L T2dc2— 	 —T2dc3 
 
Us dad T9a have identical compositions except that T6a has 
no amides and 19* baa one. 19* was found in higher yields despite 
lengthier purifications. It gave no further results after two 
cycles of the Mean degradation daspits a sufficiency of t.rial; 
this -y have been due to the formation of pytoglutaaio acid from 
glutamine (B1ombick,1967; Edmin, 1970). Glutsaine is deaejdated 
relatively easily at low pH (Wilson and Canner, 1937) and so T9a 
Is probably represented in the sequence and T6a is probably 
derived from it. 
The sequence of T9, Is: 
asp-ala-gln-asp-lys 
T15a 
T15s has no amides, but from its composition and sequence is 
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clearly related to T9a. 
va1-iys-aap-a1a-glu- (aap, lye) 
4. T6b 	 srg,ssx,91x3 ,91y29aia,val,1.0 
T6b has two anictas. It was sub-digested with subtilisth. 
Pptid. a N-t.rainua Onvosition 
T6bs1 -1.0 val (aax.glx,val,aia,giy) 
TSbs2 0.0 gix (glx,1.u) 
Tebs3 +0.68 gix (g1x,1.u,gly,arg) 
T6ba4 +1.0 - - 
The ninhydrin stain for each of these peptides was very weak. 
From the mobilities, T6bsl probably contains asp and glu, and T6bs2 
and T8bs3 both contain gin. 
CPA and CPB released amino acids tentatively identified as 
erg, gly and gin, by paper e1.ctrcphoresis. 
Th* following seqnce is tentatively deduced: 
val-asp-ala-gly-glu-gin-1.u- (gin, gly )-arg 
T6bsl 	TObs2 
T6bs3 
S. Peptide We (a= -0.1 approx) was isolated in low yield and 
had a similar qilitative composition to T8b. 
6. Tao 	 1y$,asX2 , oar, gix,giy2 ,val, il.,ieu2 ,tyr 
This peptide has been isolated twice but has required further 
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purification after an initial analysis on both occasions. (. 
attempt at sequential degradation stopped after two cycles for want 
of material and in another no results were obtained, possibly due 
to the use of an old PITC solution. 
A single, neutral peptide TScol was isolated from a chyeo-
tryptic sub-digest, was analysed, and corresponded to a.x-(asx,ser, 
gly,leu,lys). The residual peptide would have a hydrophobic 
N-tereinal residue and no -amino groups and so eight react poorly 
with ninhydrin. As the stain for ninhydrin-n.gativ. peptides was 
not used, it was not detected. 
T8c probaI)y has two asides and TSccl probably has one • The 




	 arg2,asx4,glx4 ,pro2 ,ala, ile,l.u2 
Tile was isolated in all tryptic digests but was very difficult 
to purify. In one case at least, two or three peptides of 
approximately this composition were isolated. This phenomenon 
y have been partly due to deaaination or a-, -aspartyl isoasri-
sation during the purification but was certainly aggravated by the 
fact that the peptide was present in two adjacent primary fractions 
produced by S.phadex 0-26 gel filtration. 
The number of amides was estimated as being three, but in such 
a large, acidic peptide, this is not a reliable value. 
Three attempts at sequential degradation proceeded no furbh.r 
than ''1u"; from the strength of DNAr-glu observed, an N-terainal 
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sequence l.u-sex-arg-glu-gln or l.u-"x-arg-glu-glu-gln is probable. 
A thermolysin sub-digest was carried out. No ninhydrin-
negative peptides were detected. The amino-acid compositions of 
the sub-peptides are qualitative. 
Pop tid. a as 	N-terainus Oosposition 
Tllshl 000 0107 	pro (glx,pro,1.u/ile,asp) 
T11ah2 010 0.1 	- (asx,g1x,pro,1.u/ile) 
T1lab3 0.0 0.13 (glx,a.x,1.u/i1.,ala,arg) 
Tllah4 +0.3 - 	 ala (asx,g]x,1.u,il.,als,arg) 
A tentative, partial sequence based upon this data iii 
leu 4A5Xargglxg1x_pro_(pro,g1x,asx
29 1eu/f1e)_a1a...(asx,g1x,icu/j1e)_arg 
—71lah3 	 Tilahi 	 T1lah4 	 -) 
Tllah2 
S. T15b 	 leu-asp-arg 
This is the structure of T18b, based upon its composition, 
sequence and mobility. It is probably related to Tila. It was 
Isolated in relatively high yield, in the second digest, which 
suggests that a peptide corresponding to the reminder of Tila 
should have been found. Despite a search for ninhydrin-negative 
peptides, this postulated peptide has not been found. In later 
digests, the yields of Tila wer , 	higher and those of flab 
relatively mich lower. 
9. Ilib 	 (trp),lys,asx,serpro,glyala3,l.u,ile,phe 
The presence of tryptophan in Tub is interred from the UV 
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fluorescence of the peptide, the positive result with Ehrlich's 
reagent on paper and the pink colour during the cleavage stage of 
sequential degradation which has been seen with other tryptoph.n-
containing peptides. 
The partial sequence of fib is, 
ser-sla-L1F-ala- (trp,aax,pro, 4y,als, Li? 2 )-lys 
10. T12b 	 lys,srg,sax,s.r21prq,ly3 ,ala2 , il.,l.0 
TUb probably has one said*. It was sub-digested with 
subtilisin. The compositions of sub-peptides were doterained 
qualitat ivè]y. 
Pptide a of N-tsrainus Coosition 
T12bsl -0.37 0.1 isu (a.x,pro,leu/il.,gly, 
ala) 
T12bs21 0.0 0.27 4y/ala (s.r/leu/il.,gly) 
T12bs2 0.0 0.35 (nor) (ser/l.u/ile,sla) 
T12bs3 +0.4 47 (asx,pro,ier,l.u/ile, 
alagly,lys,arg) 
T12bs4 +0.6 ii. (aiipl.u/ileala,gly) 
T12bsS +0.8 gly (pro, ser/lau/iio, gly, 
lys ,arg) 
CPA and (8 removed only arginine from this peptide. 
The tentative, partial sequence based ton this data is: 
gly-leu-il.-ala-pro- (gly sin )-.er-ala-gly-ser-lys-pro-arg 
T12bs21 	T12bs4 	-1 
T12bsl 	
- 	
T12ba22 	- - T12bs5 - - 
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The C -terminal sequence is baled upon the composition and 
N-terminus of T12bs5, the fact that CPA and (PB will not remove 
C-terminal proline from p.ptides (Ambler, 1972) and the feat that 
trypsin doss not normally hydrolyse a lye-pro bond (Hill, 1968). 
The latter assumption may be ill-founded sines Milstein at *1. 
(196$) have isolated a p.ptide produced by the tryptic cleavage of an 
arg.pro bond in a Banco-Jones protein. 
T14a 	 •er-gly-sla-glu-gly-arg 
T1 4d 	 lye, not 2 ,thr,s.r,pro,pb. 3 
	
T14. 	 lye 2,t21 thr,ssr,pro,phs2 
T14d and T14o differ in composition by a single lysin* 
residue and are almost certainly homologous. Th.y were not found 
In the same digests. 
The N-t.reinsl sequences established by sequential degradation 
are: 
T14d 	phe-. (pro )-mst-met- (ear)- 
T14e 	ph. - 	- iast-ser-(thr)-pb.-lys- 
The amino-acids in parentheses wore weak or tentatively 
Identified. 
T14e was sub-digested with chyaotrypsin. The compositions of 
sub-peptides are qualitative. 
P.ptids 	a 	N-terminus 	Composition 
Tl4ecl 
	


















T14.cl - 	IT14ec3 
T14f and 716b are free lysine and free arginin. respectively. 
They were not found when undigested -lactase to analysed (e.g. 
as controls for CPA experiment., Chapter III) and were tIrefor• 
genuine products of digestion. Psptidss T14d and T14s, show how 
free lysine could be produced. Hydrolysis of N-terminal lysine 
and arginine is relatively slow (Bill, 196). T19b (a = 1.0) 
contains only ly.ine and my represent a lye-lye dipeptid.. 
T17a 	 arg21 s.r,glx31pro,leu, ile,pb. 
T17a has one aside. It was sub-digsst.d with subtilisin. 
The compositional data is qualitative. 
Peptide a of N-terminus Cooaition 
fl7asl -0.25 ilo/phe (phe,glx,ile/l.u,arg) 
117a2 0 0.1 - - 
T17aa3 0 0.3 - - 
T17aa4 0 0.6 gix (glx,leu/il.,pro,gly,arg) 
T17as5 0.95 mer (ser,arg)(alagly,weak) 
The sequence tentatively deduced from this data is: 
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ph*- ile-glu-arg-pro- (glx2 , leu) -ser , arg 
T17a.al 	- 	 T17as5 
Tub 	 his,arg,aaz,thr2,gly,vai, met 
,ieu 
T17b has no amides. A singiesoldic cbyaotryptic .ub-p.ptide 
was isolated, corresponding to his (asxpro, thr, leu/val, gly). 
The seqtnoe of TiTh is; 
his-leu/val-"p-thr-gly-a.t-thr-leu/Val-arg 
717c 	 his-glu-bbr-pro-leu-vel-lys 
T18a 	 i.u-giy-ais-srg 
T18b 	 gly-ser-arc 
T1 8c 	 san-erg 
Low yields of histidin• in the amino-acid analysis were noted 
with both T17b and T17o in which histidine is N-terminal. A 
similar phenomenon was observed by Meadway (1969b) with a peptide 
with N-terminal histidine. 
The following peptides from Table 11 are also of particular 
interest. 
T2a. The amino acid composition of T2s suggests that it was 
Impure, although the N-terminal determination and six cycles of 
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sequential degradation were satisfactory. A similar peptide was 
isolated in very poor yield in the fourth digest. Cystein. (as 
cysteic acid) was definitely present. This is the only tryptic 
peptide isolated which contains cyatein.. 
T6d and 'Fl may be peptid.s that were further digested under 
the different conditions prevailing in other digests. 
T12a was isolated only once, in poor yield and a single, 
unsatisfactory aeèno-acid analysis indicated that it was impure. 
The presence of tryptophan, lysin* and hiatidine suggests that it 
y be the C-terminal tryptic peptide, in an impure state. 
T16a has been isolated and purified from every tryptic digest 
but has given equivocal results with respect to analysis and sub-
digestion. The most probable composition is: 
gly,ala,va1,leu2
,thr
2 ,asx2 ,glu2, (ph.) ,mst,his,arg,1s. 
Ph.nyllanine was always in low yield relative to the other 
amino-acids. The following peptides have been isolated after 
chysotryptic digestion. 
Peptide a 	of 	N-terainus 
T16aol -0.4 	0.07 	gix 
T26ac2 0.1 	(am) 
116ao3 0.6 	 (Val/1.u) 
Composition 
(ph. ,glx,val/l.0 ala) 
(ssx,g]x,arg) (gly 0 ala) 
(a.t • max, thr, l.u/val , gly, 
his, lys) 
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A partial and tentative sequence is: 
g1u-l.u-vsl-(gly,ala,l.u,thr 2 ,asx,nethis, (ph.), lys)-asp-glu-arg 
119* is free marine, Isolated in one tryptic digest with a 
yield of 1%. 
T19C was the only ninhydrir&-negative peptide isolated in 
tryptic digest.. No N-terminus was apparent, despite three attempts 
with the two isolates of this peptide. The yield was very low and 
the composition as determined by olectrophoresis at pH 2.0 was gix, 
and 1.u/ile, with traces of gly and ala also present. Its mobility 
at pH 6.5 was 0,0 and Rx in MWP was O.S. 
Table 12 lists some peptides isolated in vary low yield and 
successfully analysed. 
Carbohydrate 
Carbohydrate material was detected with 0-dianisidine in one 
major tryptic digest. The carbohydrate material appeared to be 
associated with, but not covalently bound to, free amino-acids, as 
they could be separated by electrophoresis at pH 2.0*  The 
carbohydrate material obroastographed in the same position as 
D-glucose on SAW,, gave thessa 	llow-brown colour as glucose 
with 0-dianisidins and was estimated, from the relative strengths 
of the spots, to represent about 003 jU ol of carbohydrate th toto. 
Peptide Yields 
Amino acid analysis of samples, taken from the third and fifth 
tryptic digests, indicated that apprcimetely 80% and 70% respectively 
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of the -1actamase digested was implied to the primary fractionation 
column and that the insoluble material made up the remainder. The 
primary fractions were not analysed to check the recoveries from 
the first stage, but other evidence (see Chapter IV and Chapter VIII) 
suggests that both c atIOn-exhhAflgS chromatography and gel filtration 
give good recoveries of peptides. 
All of the peptides isolated required further purification by 
paper electrophoresis and chromatography, for which the average 
peptide recovery per stage is about 40-50%. Two, three or oven 
four stages were often required so that peptides present in good 
yield in the digest were unlikely to be recovered in yields greater 
than 10-20%. 
Ambler (1963b) recovered tryptic psptidee from a 82-roe idus 
cytoobrome in yields of 10-45%. Ambler and Drown (1967) recovered 
tryptic peptides from a 128-residue azurin in yields of 5-30% and 
ascribed the lower yelds in this case to %he increased size of the 
protein. The peptide Jiölda in the present work would be expected 
to be lower again, n1th;4j. net generally as low as was actually 
found. Schroeder .t *1. (1963) initially purified tryptic 
peptides from 	-haemoglobin (146 residues) by cation-exchange 
chromatography and noted yields of 40-95% for most peptides but 
further purification by paper electrophoresis or anion-exchange 
chromatography was necessary in most cases, and occasioned further 
losses. 
The multiple forms" of sow peptides and the discovery of 
some in more than one primary fraction aggravated the problem of 
low peptide yields. In some oases, commencing analytical work on 
peptides which were subsequently shown to be Impure was responsible 
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for equivocal results and waited material. 
The third digest in which the protein was oxidised and digested 
in urea dave generally the best yields, particularly of some of the 
acidic peptides. Some of the basic peptide. (e.g. T16a, Tim, T170 
were in best yield in the second digest, in which no denaturation 
was used. The fourth digest gave the poorest yields but this —y 
have been due to the more extensive paper electrophoresis necessary 
to purify the peptides. 
Cation-exchange chromatography was the better primary fraction-
ation procedure. Although initially involving more work than the 
Sephadex method, it gave rise to several relatively simple primary 
fractions rather than a few complex on... If a longer column had 
been used, the primary fractionation might have been even more 
effective. One disadvantage of this method was that the peptides 
in a primary fraction were often of similar size and charge, so 
that it was difficult to decide upon a subsequent purification 
method. There was no evidence for the Irreversible binding of 
peptides to the cation-exbhang. resin. 
Spec if iciti 
There was no evidence from any of the major peptidee for 
cleavage other than at the C-terminus of lysine or arginine, but 
the peptides have not all been entirely sequenced, so that this 
conclusion may be premature. Ther* is certainly evidence for 
peptide bonds of varying degrees of susceptibility to trypsin; 
cf. T6a with T15a and lila with T16b. The latter case is an 
example of an adjacent polar residue, in this case glutam.tc acid, 
inhibiting tryptic cleavage. This phenomenon has been frequently 
observed (Hill, 196). 
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Table 13. The Extent of the Tryptic Peptides 
Whole Protein Tryptic Peptides 
gly 14 13 
ala 16 14 
val 9 6 
ieu 19 15 
Ile 9 7 
ser ii 9 
thr 14 10 
alp 17 16 
glu 19 15 
ph* 4 (5) 
tyr 3 1 
trp 3 1 
C,' 1 
not 6 6 
pro 7 9 
ly. 9 8 
his 4 3 
arc 11 12 
176 150 
The Extent of the Trypt to Peptides 
Table 13 compares the numbers of amino-acids accounted for by 
the peptides listed in Table 9, plus 116*, with the amino-acid 
composition of -lactase in mols/mol calculated in Chapter II. 
The C-terminal region of the molecule and the Sequence around the 
cysteine residue are probably not accounted for in the "tryptic 
peptides" total. 
In general the comparison suggests that the "tryptio peptides" 
comprise most but not all of the p-lactaaase molecule. However, 
some of the amino-acids are present in greater numbers than in the 
amino-acid composition, and inclusion of the poorly-characterised 
tryptic peptides would increase this imbalance, although some 
regions of sequence would then almost certainly be represented more 
than ones. 
Jour possibilities must be considered: 
(1) The protein was impure. 
Th* amino-acid composition is inaccurate. 
The protein has a higher molecular weight than has been 
calculated. 
The tryptic peptides are equivocal. 
The data presented in Chapter* II and III suggest that the 
first possibility is unlikely to iske * major contribution to this 
phenomenon, as the peptide yields from a small contaminant would be 
vanishingly small. 
The discussion of amino-acid analysis in Chapters II and IV has 
emphasised that considerable errors are possible here. 
The third possibility is worthy of further consideration here, 
as the analytical data presented in Chapter II gave a considerable 
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range of estimates of molecular weight, and results from the amino-
acid sequence data were used in order to arrive at a probable mean 
value. 	In view of the extensive production and purification of 
tryptic peptides, it is probable that the peptides listed represent 
90% of a 180-residue protein, rather than about 65% of a 230-
residue protein. 
The final possibility probably contributes to the discrepancy 
between the composition of the tryptic peptides and of the whole 
protein. In those peptides whi di have been sequenced entirely, 
there are several examples of different peptides which are derived 
from the same region of sequence. Peptides such as T6d and ¶1 
can probably be hydrolysed further. 
An Experiment With ETPA 
The reversible reaction of the E -amino groups in lysine 
residues with the athydrid.s of dicarboxylic acids so as to restrict 
tryptic cleavage to arginine residues is now well established as 
a technique in amino-acid sequencing (Butler and Hartley, 1972). 
It was felt that this technique mould be useful in establishing the 
"-lys-leu-" and "-leu-lys-" overlaps in the -lactase sequence. 
Recently, Riley and Perham (1970) have introduced exo-cis-3, 6-
•ndoxo- L 4-tetrahydrophthaljc anhydride (ETPA) as a reagent which 
forms a lysine amide derivative which is stable at neutral pH but 
which can be hydrolysed under relatively mild acid conditions 
which are not liable to cleave peptide bonds. The half-lives of 
msleyl_1ysine and citracony1--lysina, which have been used in 
this role in the past, are 11 h at pH 3.5 and 20 min at pH 2.0 
respectively. 	ETP-(:.-lysine has a half life of 5 h at pH 3.0. 
In addition, ETPA does not have an activated ol.finic double bond 
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which might lead to alkylation of cysteino residues, and the 
diastereo-isoers of MP-acetyl-lysine amide are hydrolysed at the 
same rat, and are not slectrophoretically distinguishable (Riley 
and Perham, 1970). 
ETPA was prepared by a Dish-Alder condensation between leio 
anhydride and furan (Riley and Perham, 1910). 10 g maleic anhy-
dride (BUll Laboratory reagent rscrystahhised from chloroform) and 
7.3 ml furan (BIll) were mixed in a round-bottomed flask and warmed 
gently under ref lux. The maleic anhydride dissolved and a different 
crystalline precipitate formed. On cooling, the solid was broken 
up and washed with cold water. 	It was recrystahlis.d from 
chloroform and found to have a melting-point of 113 °C (115-116°C, 
Riley and Perham, 1970). 
7 pmole of protein was dissolved in 10 ml of 02 V sodium 
borate buffer pH 85. 170 ag of ETPA was added in portions of 
about 20 ag, whilst stirring at 4 0C. The pH was maintained at 
8-9 with 1 V NaOH. After 45 aim, the ETPA had dissolved and the 
preparation was freeze-dried, desalted on Sephad.x 0-25 in 0.1  U 
ammonia and again freeze-dried. Unfortunately, the assays 
performed before and after this procedure to detera.tne free amino 
groups were below the sensitivity of the assay technique (5.. 
Hsbeeb, 1966, Chapter IV). 
The preparation was digested with MCC-tryp.in and the digest 
fractionated on a column of Sephadex 0-25 (superfine) in 0.1 U 
ania. Three fractions were isolated and the ETP-groups were 
removed from each by incubation in 0.1 V B dium citrate buffer 
pH 3.3  tor 40 h at room temperature. Fraction E2 was subsequently 
shown to consist of TlSb, T18b and T18c, and E3 of T18c and free 
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argin me. 
Fraction El precipitated in a Sephadex 0-80 column in 0.1 U 
ammonia and was removed with 8 U urea. It was re-run on the 
column in 0.1 U ammonia containing 3M was and four fractions were 
isolated and precipitated with TCA. About forty peptides, some  
n.tnhydrin-negative and some recognisable as tryptic peptides, were 
purified from these fractions, but the yields were extremely low 
and the peptides were often insoluble. 
A similar complexity was observed on the maleylation of a 
histone from chicken erythrocytes and was ascribed to steno 
hindrance of laleylatian at adjacent lysine residues (Greenaway, 
1970). Reaction of ETPA with poly-L-lysine, under the conditions 
described above, indicated that more than 90% of the amino groups 
were blocked. Thus this hypothesis, even if it could be applied 
to 3-lactase, is untenable. 
It is possible that the ETP-.groups were not entirely removed 
by the "unblocking" procedure. ETP-es tore of marine, threonine 
and tyro.ine may have added to the complexity of the experiment 
but the "unblocking" reaction should also hydrolyse these deriva-
tives (Riley and Perham, 1970). 
If none of the reactions involved went entirely to completion 
then a complex mixture of minor peptides would be expected. This 
Is the most probable explanation of the results of thés experiment,  
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CHAPTER Vi. 
CHYTRYPTI C PEPTIDES OF E. COld p-LACrAMASE 
Three chymotryptic digests were performed (Table 8, Chapter iv) 
but the first, smell-scale experiment will not be discussed here. 
The data relating to the chymotryptic peptides is summarised in 
Tables 14 and 15. Some of these peptides are discussed below and 
the sequences or partial sequences are summarised in Table 16. 
Qiyotrypt Ic Peptides 
1. C122 	 1ys,aax2 ,g1x,a1a,va12 ,1.0 
C112 has no amides. It was sub-digested with trypsin. The 
sub-peptides were qualitatively analysed. 
Peptide a N-terminus 
C122t1 -008 sax 
Q22t2 -0.2 vsl 
C122t3 0.0 1.0 
C122t4 +0.9. val 
composition 
(aaz,glx, leu/il.,a]a, lys) 
(sax, glu, leu/il., val, lys ala) 
1.u/ile 
(Val ' lye) 
C122H, C122t2 and C122t4 were tentatively Identified as the tryptic 
peptides 16*, 115* and T18d respectively. The partial sequence is: 
va1-lys-val-lys-aax- (lys • sax, glx,ala)-l.0 
C122t4 	C122t2 	 -1 
I - C122t1 	casta 
2. C123 	 lys,his,arg2 ,aet,thr,glx2 ,pro2 ,val,phe 
C123 has no amides • It was sub-digested with trypsin and the 
sub-peptides were qualitatively analysed. 
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Peptide 	a' 	N-terminus 	 Composition 
C123t1 	0.3 	- 	(met, glx,thr,leu,ileval) 
C123t2 	0.6 	arg 	 (glx,arg) 
A tentativ partial sequence for Q23 is: 
ar-glu-arg-(lys,hia,aet, thr,glu,pro 21 val,phe) 
C123t2 	 C123t1 
C125b 	 lys,thr2 ,glx,pro,gly2 ,jeu, ii. 
The mobility of C125b (a = 0.2) suggests that it has one 
saide. 	It was sub-digested with trypsin and the sub-peptides were 
qualitatively analysed. 
Peptide 	at 	N-terminus 	 Composition 
C126bt1 	0.3 	six 	 (glx,leu/il.) 
C126bt2 	06 	thr 	(pro,thr,l.u/ile,gly,lya) 
l26bt3 	1.0 	- 	 (gly,lyi) 
C125bt1 is apparently a neutral peptide of composition (glx,leu/ile) 
and with gix as N-terminus. Thus C126bt1 is probably gln-(leu/ile). 
The data does not permit the d*rivation of a partial sequence 
beyond v&at is known from sequential degradation: 
thr-thr-gly(lys ,gln,pro,gly, ii. leu) 
C242b 	 arg,aax,aer,glx2 ,gly,ala, ile,leu 
C242b probably has one aside. It was sub-digested with 
trypsin. 
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Peptide at N-terminus Composition 
242bt1 0.15 ii. (glx,leu/i1.,ala) 
42bt2 0.3 aix (a.x,glx,1.u/ile,lys) 
A partial and tentative sequence for C242b is: 
aax-(glx, ser ,gly)-arg-ile-(glu,ala)-leu 
c242bt2 	 C242bt1 --d 
In one chymotryptic digest, peptide C242s (a = .0.25) was 
Isolated, in very low yiald. Its N-terminus and qualitative 
composition corresponded to that of (42btl. 
5. C251 	 arg2,.st,ser,glu2 ,pro2
,phe
2 
C251 is slightly acidic, for which there is no obvious 
explanation. It was sub-digested with mibtilisth and the sub-
peptides were qualitatively analysed. 
Peptide a N-terminus Composition 
C251s1 -0.25 glu (phe,glu,pro,ser,leu/il.,arg) 
C251s2 -0.2 glu (pheglu,pro,arg) 
C251s3 3 - - 
61s4 0.05 glu,SAQ (met,phe,glu,pro,ser,leu/ile,arg) 
C251s4 was obviously iaptw.. It is not possible to elaborate on 
the partial sequence deduced from sequential d.gratstion. 
glu-aer-phe-arg-pro-glu- Car, net , ' , pho) 
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C271 	 cys,a.t,thr,ser,a1a2 ,ile 
An N-teriiinal residue was not detected, although Dn.-cy9O 3 is 
very acidic at pH 4.4 and could be lost in the electrophoresis very 
easily. The peptide was only isolated on one occasion. 
Sequential degradation was unsatisfactory. The results 
suggest that some residues were not completely removed, resulting 
in "raggedness". 
C271 was sub-41gstod with thermolysin and the sub-peptides 
were qualitatively analysed. 
Peptide of N-torminum Composition 
C271h1 0.3 ii. (m.t,thr,l.u/1l.,ala) 
C271h2 0.4 SAO (ala) 
No other peptides were detected, although the chlorination 
method for ninkydrin-negative peptides was not used. A small 
peptide containing cysteic acid would be very acidic, and could 
perhaps be lost. 
A very tentative sequence is: 
eye-ser-ala-il. (thr,ala)m.t 
71bl1— 27lh2 - 
C331a 	 ar9,ier,glx2 ,ala,leu 
The mobility of this peptide , suggests that it has two glutamine 
residues and this may eqiath the failure of the sequential 
degradation. 
aer-g]n- (arg, gin, ala )-leu 
80. 
C50 	 arg,ser,glx21ala 
59 is possibly homologous with C331s. On this basis of 
previously-observed chysotryptic cleavages (hill, 1965), glutamine 
is most likely to be the C-terminal residue in C59. 
Both (9 and C331a were isolated in comparable yields in the 
third digest. 
C34 	 arg,ser,pro,gly,ala2 ,leu,ph. 
An attempted pepsin sub-digest was unsuccessful, the unreacted 
peptide and a very faint neutral peptide being recovered. A 
tentative s.quenc* can be derived if it in assumed that a "-isu-pro-" 
sequenc, is present. At least one case 01 chynotryptic cleavage 
/ 
under similar circumstances has been reported (I.eonis at al, 1959) 
arg-ser-gly-1.u-pro-ala-a]a-ph. 
C392& 	 asx,,ser,glx2,val,1•u,tyr,  
92a has two asides. The yield of tyrosine in the amino-
acid analysis was low, perhaps due to incoaplete evacuation of 
the sample tube prior to acid hydrolysis. An unusual peak on the 
amino-acid analyser trace was possibly "tyr-X" (Sanger and Thompson, 
1963). C392a was not digested further by ohy.otrypsin. The 
partial sequence is; 
ser-glx-asx-val- (gix , asx, lou, tyr) 
C42 	 gly2, ala, val,tyr,arg3 
The amino-acid analysis for this peptide was rather poor, but 
the mobility is compatible with a beptapeptide with two positive 
81. 
Peptide a N-terainus 
C42t1 0.1 val 
C42t2 0.8 weak, probably C42 




charges at pH 6.5. 	It was sub-digested with trypsin. 
A tentative sequence based on this data is: 
g1ya1aarg_arg..va1g1ytyr 
C42t3 	 C42t1 - 
Of the peptides listed in table 15, some are of particular 
interest. 
12. C216 	 thr,glx,leu2 
This is a neutral peptide, so probably contains glutamine 
rather than glutamio acid • The N-terminus was threonine. 












The composition of C352b can be written as (thr26 ,a1a25 , 
leu,phe25) or as (thr,ala,15u04,phe). 	In view of the fact that 
C62c was tree leucine in high yèeld, it is probable that C352b 





Despite three attempts, only a seal-quantitative analysis of 
this peptide was achieved. It probably has one amid.. Attempts 
to sub-digest this paptide with trypsin and eubtilisin were 
Unsuccessful. 
Discussion 
The results of two chymotryptjc digests of -1actaaase have 
been presented. The peptide yields were generally lower than for 
the tryptic peptide.. This phenomenon is due to the broader 
specificity of chymotrypain and is generally observed during 
sequence analysis (Ambè.r, 1963b; Ambler and Brown, 1967). 	In the 
second experiment, in which digestion was for 4 h, the peptides 
were initially fractionated by gel filtration. In the third 
experiment, ion-exchange chromatography, which was most effective 
in the initial fractionation of tryptic peptides, was used, but 
the digestion had continued overnight and the peptide mixture was 
such more complex. Thus in both cases extensive purification by 
paper electrophoresis was necessary and this factor certainly 
contributed to the low y'-elda. 
The total amino-acid composition of all the chymotryptic 
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peptides described is considerably higher than that of the 3-
lactamase molecule but in view of the broad specificity of chy-
aotrypsin and the possibility of phenomena such as deamidation and 
the overlap of primary fractions (discussed in Chapter V) 0 this is 
not surprising. lbst of the peptides isolated in the second 
digest were also Isolated in the third. In both digests, but 
especially in the third, some peptides were purified out of 
existence and some were isolated impure, in very low yield; these 
peptides have not been reported here. Thus there may be some 
regions of the 3-lactan*se amino acid sequence which are not 
represented in the chymotryptic. peptides • No attempt was made 
in either case to fractionate the insoluble portion of the digest. 
The paucity of data relating to the C-termini of the chymo-
tryptic peptides precludes any significant review of the specificity 
of chymotrypsin but no hierto unobserved examples of chymotryptio 
oleavsea used be postulated. 
Despite the fact that little I. known about its sequence, 
C271 is a small, and almost certainly pure, peptide containing 
cysteine. It is not possible to reconcile what is known about 
C271 with what is known about 72a, which also contains oyst.in., 
but the known impurity of the latter may account for this. 
The isolation of C271 prompted an attempt to isolate a cysteine 
containing sequence from p-lactamaae digested with subtilisin by 
the "pert ormic acid diagonal" technique (Brown and Hartley, 1966). 
The experimental details are given in Appendix III • A single, 
large, impure, cyst.ine-containing peptide was isolated in low 
yield. No furtlEr characterisation wee possible. The eqeriment 
gave further evidence that there is a single cysteine residue in 
1.0011 p-laotas.. 
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Table 16. Partial SQqienceu of Ciiyaotryptjc Peptides 
Cli ser (iys,arg2 ,a.x,ser,glx,gly41 ala4"le2,1.u) 
C121 iysasx_glx(i.r,&*x2 ,pro,a1*,1eu) 
C122 val-lya-vai-lys-aiX- (lye six, glx,a1a)-l.0 
C123 arg_glu_arg. (lye ,hia,aet, thr, glu,pro 21 val,pba) 
c124a ieu-aax--ile-(lys 2,aax,aet,pro,ala) 
C126b thr-thr-gly-Upt glx,pro,gly, ile,l.u) 
42 glx-pro-(iie,arg,asx3 ,.5t2 ,thr2 ,glX,pro,S153) 
C242b sex- (glx,s.r ,gly)-srg-il.- (glu,sl*)-leu 
251 giuyser-ph.-aXg-pro-glu- (erg, 	t ,pro ,pbs) 
281b ser-"x- (sax2 ,thr,sla2 , 1.u) 
271 aye-ear-ala-il.- (tbr ala )-a.t 
331a *or-gln-(arg,gln,als)-lsu 
ser-gin- (arg',ala)-gin 
'331b erg-lye- (s.r, gin ,sla)-leu 
C332 lys-leu 
L34 erg- ser-gi y-1.u-pro-sis-*la-Phe 
c352s ala-thr-thr-1.0 
C352c 1.0 
c392a s.r-glx-s.x-vsl-(glx,a.*,i.u, tyr) 
392b glu-s.r-ph. 
393b 1.u-glu-ile- il.-leu 
C42 	 gly-ala-arg-arg-val-gly-tyr 
C46 	 .t-s.r-thr-ph* 
c124b 	lye- (san, thr,gly 2 ,val ,l.u) 
C125a 	aen-(sen,lys,leu) 
C141 	 ala(iys,aex2,mst,thr,s.z,glx2,phe) 
Table 16. - Contirn*d. 
gix (ala • thr, sax2 , gLx , are, 1.u) 
C216 	 thr-gla-lsu-l.0 
c3n 	 gly 
ly.-val-l.u-l.0 
33 	 •er-aig-(aaz,glx,gly,ala,val ,leu) 
c391a 	gly-vsl-sla-leu 
c393a glu-IOU 
C46 s.r-(gly,ala,val,thr,aan,glu,pro,ly. ,l.u) 
C70 tbr-vsl-glx-aax- (arg, ear, 1.u) 
eli iau-hta-aax-gly-(sax, thr,vsi) 
CHAPTER VII. 
PEPTIC PEPTIDES OF E.CX)LI -LACTAMA8E 
A preliminary experiment, at pH 2.0 and with an enzyme/ 
substrate ratio of 1/40, indicated that after 4 h peptic digestion 
was relatively complete. Digestion in 2 M urea was not as effective. 
The conditions used for the single, large-scale peptic digest 
have been suarised in Table 8 (Chapter IV). 9.5 Pool -1actaaase 
was preincubated at pH 2.0 and digested for 4 h at 37 °C with 5 ag 
of pepsin. After freeze-drying, the residue was extracted with 
0.1 16-a3onia and the extract was fractionated on 8.phadex G-25 in 
0.1 M-asaonia. 	The peptide sap of this fractionation is shown in 
Figure 20. 	A portion (1/25) of each of the four primary fractions 
was analysed for amino-acids. 
The insoluble residue of the digest, the so-called "peptic core" 
was dissolved in 2.5 al 0.1 M-ammonium acetate pH 4.0, 8 M in urea, 
and a portion was analysed for aaino-acids. Attempts to fractionate 
the reminder by cation-exchange chromatography on CH-cellulo.o in 
the same buffer were unsuccessful • After desalting and freeze-
drying, the residue was found to be insoluble in 50% formic acid 
and in equal volume of 5% formic acid and ethanol, and so gel 
filtration was Impractical. 
The peptic peptides of E.coli p-laotaaas* are summarized in 
Tables 17 and 18. Peptides P271, P272, P341, P342 and P343 were 
accidentally lost. 
Peptic Peptides 
1. P244b 	 asx3,glx3,ala,ile,5rg2 
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trypsin and the sub-peptides were quantitatively analysed. 
PeØtide a N-terminus Composition 
P244btl -0.88 aix asx,glx,arg 
P244bt2 -0.47 gix glx21 ala,il. 
P244bt3 0 - - 
P244bt4 1.0 affix asx,arg 
It is impossible to put P244bt1 and P244bt4 in the correct 
order without more data. Consideration of peptide M (Chapter VIII) 
permits the deduction of the seqvence. 
asp_glu_arg_a5fl_argglx (gix, ii. ala) 
	
\- P244btl 	 P244bt2 
P244bt 4 
2. P261 	 aia_ser_arg.g1x-(91x,asx, ile,leu) 
P332 	 ala-s.r-arg-gl n-gin -leu 
P261 and P332 are clearly homologous and hence the sequence of 
P261 is: 
ala_sar_arg-glflglfl'.leU (asp • ii.) 
The sequence of P332 was confirmed by tryptic sub-digestion. 
aa_ er_arg_gln_g1nleU 
P332t3 	P332t1 
3. P322 	 thr2,s.rgln,gly,ile,tYr 
Isoleucine is present in very low yield but the ile-tyr bond 
might be expected to be relatively resistant to acid hydrolysis 
(Harfenist, 1983). 
86. 
P321 and P411 are free 1.ucine and phenylalanine respectively, 
both somewhat impure. They way represent peptic cleavage at both 
sides of these residues. 
P420 	 ile,trp,lys,his 
Digestion of P420 with various amounts of CPA released free 
lysine and free histidine, identified by electrophoresis at pH 2.0. 
Since isoleuc me is N-terminal, the partial sequence of P420 is: 
i1.-trp- (lys ,bis) 
Discussion 
The soluble material after digestion amounted to approximately 
60% of the total p-lact*aaae digested: the insoluble material 
accounted for the rest. The four primary fractions contained 
approximately 3%, 40%, 15% and 2% Of the starting material, 
respectively. Thus the soluble material was entirely recovered 
from Sephadex 0-25 gel filtration. 
P420 was by far the largest component of the fourth primary 
fraction. Analysts of that fraction indicated that the yield of 
P420 prior to paper electrophoresis was about 37%. After two 
.lectrophoretic purifications, an overall yield of 8% was observed. 
This corresponds to a recovery of 45% per el.ctropboretic stage. 
Similar values have been observed in cases of peptides analysed, 
re-purified and re-analysed. This effect, coupled with the broad 
specificity of pepsin, was responsible for the generally low 
peptide yields. The imperfect fractionation by Sephadex 0-25 
was not observed in this experiment which may partly explain the 
fact that the peptide yields are generally greater and more 
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consistent than for the chyaotryptic peptides (Chapter vi). The 
reported yields of peptic peptides fro.P.fluorescenscytochroee-
C551 (Ambler, 1963b) were generally comparable with the results 
reported here. 
About 45 peptides were observed during purification, of which 
about 30 were obtained pure. About 20 peptides were obtain in 
vufficient quantity for quantitative structural experiments. The 
peptides reported here account quantitatively for about 80% of the 
p-icc tua. molecule. Some peptide fractions ease accidentally lost, 
and may have accounted for about 10% of the sequence. 
Two discrete tryptophan-containing peptides were isolated. A 
third was lost with fraction 34. A oystsin-containing peptide 
was not Isolated. There was no evidence Sor ninhydrin-negative 
pptides or for carbohydrate-containing material. 
As far as can be udg.d from the partial sequences, the 
observed specificity of pepsin was an expected (Hill, 1965). 
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Table 18. Partial Sequences of Peptic Peptides 
P212 asx-(ssx,glx,tIar,leu) 
P224 glx-g]x-ala-ala- (glx ,met) 
P225 ile-arg-glx-glx- (sax, glx,pro, leu) 
P231* sla-asxyaax-thr-(ser ,asx,ala) 
P242 aax-leu-asx-gly-(ser21 g]x, ile,lau,lys) 
P244* ser-arg-val-asx-ala- (glx2 , gly , 1.u) 
P244b asp-g1u-arg-asn-arg.g1x(g].x, ile,ala) 
P281 ala-ser-arg-gln-gln-leu-(asp ile) 
P322 ile-tyr-thr-gly-gln-(thr, ser) 
P323a aer-ala/thr-leu- (ala ,ala/thr)-leu 
P323b 	pro-ala-ala- (thr,,ala, met ,leu) 
P332 	 alaser_arg_g1n_g1n_leu 
P333 	 pbe-arg-pro-glx-glx-arg-..phe 
P412 	 ala-pro-gly-trp 
P420 	 ile-trp-(lys,his) 
QIAPTER VIZ!. 
CYANOGEN B1)M1 DE PEPTIDES OF E. COLI -IACTAMASE 
The experimental details that relate to the cleavage of - 
lactamase with cy-anogen broaide have been discussed in Chapter IV, 
and summarized in Table S. The results presented here relate 
mainly to the peptides isolated in the first • second and fourth 
eq)•riments. The.e peptides are designated 11, 21 and 41 respec-
tively. 
Fractionation of Peptides 
The elution profile (extinction at 254 am) and the peptide map 
of the fractionation of the fourth CNBr experiment by gel filtration 
on Sephadex -50 is shown in Figure 21L. The rechromatography of 
fractions 413 and 414 on the same column is shown in Figure 22; 
prior to this experiment fraction X4 had been considered to consist 
of a single peptide. 
Fractions 15 and X6 were not well separated in this experiment. 
They were pooled together, concentrated by rotary evaporation and 
partially separated by chromatography and rschrotography on 
Sephadex 0-25 In 50% formic acid. Paper chromatography in BAWP 
indicated that the peptides were not pure and this technique was 
used to effect a final purification. In the second experiment, 
2X5 and 216 were partially separated by the initial 8.phad.x 0-60 
stage and paper chromatography in BAWP was used as the final stage. 
The recoveries of these peptides from the paper were rather poor. 
Some of the peptides in fraction X7 gave clear .pots when 
stained with isatin but weak spots with ninhydrin. The very basic 







could easily have been lost at the edge of the paper. The X7 
components were fractionated satisfactorily by paper electrophoresis. 
Fractions Xl and V reacted only slightly with the ninhydrin 
reagent but gave strong spots with the chlorine/starch/iodine 
reagent. The extinction at 284 na in this region of the column 
effluent was very low. Xl and V were considered to be traces of 
unreacted protein or of large peptides corresponding to two or more 
of the other CNBr peptides. 
Fractions X5, X6 and the X7 components were considered to be 
pure. The fact that gel filtration of X5 and X6 did not purify 
thee suggested that X41 and X42, and, to a lesser extent X3, were not 
very pure. Paper electrophoresis mad chromatography were not 
suitable for the further purification of these peptides as they 
simply smeared at the origin, and an attempt at cation-exchange 
cbromatogrmphy in 8 M urea was not successful. 
Fraction X? 
* peptides in fraction X7 were purified by paper slectro-
phor.sis at pH 6.5 and pH 3.5. 
Peptide a 	of N-terminus Composition 
X711 0 	+0.28 pro pro,ala2 ,her 
X712 0 	0.3 (arg) (hsr/hsl) 
X72 0.1 - - 
X73 1.6 pro pro,ala2 ,her 
X74 1.08 (arg) her 
X712 and X74 both gave tentative 'arg' N-tereini. A sample 
of homoserine reacted with DNS-C1 and hydrolysed gave a similar 
result. 
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These peptides represent the homoserine and homoserine lactona 
forms of (pro,ala2 ,hsr) and (her). The lactone forms predominated. 
No attempt was made to convert the lactone forms to the homoserine 
forms, except iediately before amino-acid analysis. There was 
no evidence for any interconver.icm during electrophoresis. The 
total yield of both forms of each peptide was of the order of 10%. 
The sequence of X73 was found to be: 
pro-ala-ala-her/hal 
Peptide X8 
a 	 : +0.03 
R 	
: 	.4 
Composition : trp,lys,his,arg 2 ,asx2 ,ser,glx3 ,gly,ala2 , 
il.2 ,leu 
N-terminus : sox 
Yield 	: 5-10% 
X6 contained 0.8 .1 tryptophan/mol peptide (by analysis), 
as calculated from the extinction at 280 na (Beavan and holiday,  
1952). It did not contain hoos.rine or hoaoserine lactone and 
therefore is probably the C-terminal CNRr peptide. 
The N-terminal sequence of X6 was determined by the "deny1-
Edna method: 
asx_glx_arg_a.,c_ 
This experiment was repeated using SPIT'C: 
asx-glx-arg-asx-arg-g1x-glx- 
X8 was digested with CPA and released the following amino-acids: 
hi., 1.0; lye, 0.7; trp, 0.5. 	The level of amino-scida in the 
91. 
control was 0.2. No bomoserine or homoserine lactone was released. 
X6 was sub-digested with trypain in two separate experiments. 
The compositions of the wib-peptides are qualitative, except for 
xgtl. 
Peptide a of N-terminus Composition 
X6tl -0.5 $SX aaX,glx,arg 
X8t21 0 0.27 gix (glx,asx,s.r,1.u/ile,ala,glylya) 
X6t22 0 0.32 asx (asx,arg) 
X6t3 0.1 *1* - 
X6t41 0.85 0.8 (aax) (asx,arg) 
X6t42 0.9 0.9 (arc) - 
X6t6 1.0 (lys) 
The trypt Ic sub-peptides confirm the N-terminal sequence of 
X6. 	t2: and X6t41 are probably asp-arg and asn-srg respectively. 
X(t21 probably represents the C-terminal tryptic •t-peptide. 
Xt42 and X6t5, are difficult to explain. 
3(6 was also sub-digested with pep*in. The sub-digest was 
complex but several weak peptides were lost during the purification. 
X6p8 was pure and was qualitatively analysed, except for trypthan, 
which was detected with Ehrlich's reagent. Mp12 and X6p22 were 
Impure and the analyses are semi-quantitative. The reining 
peptides were analysed qualitatively. 
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Peptide M1 N-terminus Composition 
X8p11 0.1 ala (ala,aaxleu) 
X6p12 0.15 sex aax2 ,glx,arg 
X8p22 0.3 80* ser,gly 
l6p4 0.3 ala (a1a,leu) 
16p53 0.4 arg (glx,ser,leu/ile,alagly,lys) 
X6p8 0.8 He ile,kia,lys,(trp) 
Peptide X6p6 is apparently identical with P420 (Chapter VIZ). 
7he following partial sequence for 16 can be derived. 
asp-giu-arg-asn-arg-glx-glx-(ile,a]a 2 , l.u, sir, gly)-ile-trp-ly.-bis 
X6t1 +X6t4lj 	 F- X6p6 
X6p12 	 X6p53 
The probable specificity of pepsin (Hill, 1965) ad the 
peptides 16p22 and X6p4, together with a consideration of the 
C-terminal sequence of -1acta.as. (Chapter III) and of the peptid 
peptide P244b (Chapter VII) permit the deduction of a tentative 
sequence for XS. 
aap-glu-arg-asn-arg-glu-gln- il.-sla-ala-1.u-gly-ser- ile-trp-lys-h is 
P244b 
The N- and C-terminal regions of this sequence are reliable 
because of the correlation with other experiments but the region 
-ala-leu-gly-ser- rests on the composition of X6, on the inter-




a 	 : ca -0.05 (smeared; Her fore) 
R 	 0.25 (smeared) 
Composition : his,arg3 asx6 thr31 hsr,g1x4 ,Pr02,glY, 
ala,val,ile,1eu2 
N-terminus : ala 
The composition given above to for 2, which was judged to be  
very pure from the amino-acid analysis. 4X5 was less pure and 
analysed as: 
arg3,asx , thr 21har,glx3 .prO2 ,gly,al&,Val,ile.leU 2 
Hietidine was present in very low yield and there were traces of 
lysine and merino. A single N-terminal alanine was observed in 
each case • The yield of X5 was always less than 5%. 
0.05 p.01 aliquotes of JM in the homoserine fore were incu-
bated with CPA and CPB. 
0.01 al CPA her, 0.8; leu, 0.5; hsl, 0.2. 
01 .1 CPA 	har, 0.8; icu, 0.8; hsl, 0.2; 
thr/asn/gln 0.8, 0.5; ala, 0.5. 
The CPB sample gave a complex analysis and endoproteolytic 
activity is suspected. The CPA experiments suggest that the 
0-terminal sequence of 0 is -leu-hsr. The Inability to resolve 
threonine, asparigine and glutsathe precLudes any further deductions 
without more evidence. 
X5 was sub-digested with tr3rpsth but was only partly soluble at 
PH 1.5 and the resultant peptide yields were extremely low. For a 
second experiment, approximately 0.4 psol of freeze-dried X5 was 
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dissolved in 0.5 .1 0.3 .-aomiva carbonate pH 8.3 9 5 U in urea and 
then diluted three-told. 1.06 mg of IPCC-tryps In was added and the 
mixture was incubated for 4 a at 37°C. After freeze-drying, the 
digest was desalted on a small oolum of Siphedex 0-26 in 6% 
formic acid and again freeze-dried. The peptide material was 
fractionated by paper eleotraphoTssi$ at pH O.B. 
t23 was obtained in good yield and was re.schably pure and 
had the composition (ala,thr 2 ,l.u,mrg). The yield of alanine was 
low but as alanine N-terminus was observed. The N-terminus of 15 is 
slain, and examination of peptides T2d (Chapter V) and C352s 
(Chapter VI) suggests that the sequence of X5t23 is a.la-thr-thr-
l.u-arg and that it represents the N-terminal sequence of X5. 
X6 t21 was impure but could be interpreted as (ssx, gix, hsr/hsl). 
This cannot be reconciled with the results from the CPA expertnts. 
Other tryptic sub-p.ptidas were analysed qualitatively or oleo the 
quantitative analyses were unint.rpretable 
A suspension of approximately 0.2 pmol of XS in 0.6 ml 
02 U-aoniva acetate pH 8.6, 0.005 N in CaC1 2 was solubilised by 
Making with 0.02 ml of 0.6 ag/mi th.raslysin at 37°C for 8 h. 
A single, basic p.ptid. was isolated and ohmwact.rised. So.. 
neutral and acidic peptides required considerable purification and 
were in very low yield. X5h3 has the composition leu(ser,g1z2 , 
ala,srg) and probably contains two glutanin. residues. 
It was hoped that sub-digeStion of X5 would produce racog-
nisable tryptio peptides and overlapping thuaolytio peptides 
èich would permit the deduction of a sequence for peptide X6 
despite the heterogeneity of at least one isolate. This was not 
accomplished.  
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is a CNSr peptide of between 20 and 25 amino-acid residues 
with the probable N- terminal sequence ala- thr-thr-leu-arg. 
The X4 Peptides 
In view of the difficulties experienced with X5, impurity, and 
particularly cross-contamination of X41 and X42 would not be 
surprising, despèto the apparently effective fractionation by 
rechrotography on Sephadex 0-50. In the second CNBr experiment, 
the elution profile and the peptide map did not permit a resolution 
of X41 and X42 and a 60-residue peptide "2X4" was isolated and 
studied. Thus the amino-acid compositions which are given in 
Table 19 are almost certainly unreliable. 
The N-terminus of X41 was tentatively identified as thr/ala/pro. 
No interpretable results were obtained from experiments with 
carboxypeptidases, nor from sequential degradation. 
X41 was sub-digested with trypsin in urea and a few sub-
p.ptides were characterised (Table 19). 
X4lt54 is thr-val-arg. In view of the tentative N-terminus 
of X41 and of the sequence of Tim (Chapter V) X41t54 may represent 
the N-t.r.in&l secpence of X41. 
X41t54 is free merino. This is particularly interesting since 
X41 was shown to give a positive result with the 0-dianisidins 
reagent. If traces of free amino-acids and mono-sac char ide are 
associated with, but not bound to, p-laotas., it is surprising 
that they remain in association with a relatively large-molecular-
weight fragment during gel filtration in 60% formic acid. 
X41t24 gave a poor amino-acid analysis but calculation of some 
residues and estimation of others yielded a composition identical 
to that of T6b (Chapter V). 
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The mobility, composition and N-terminus of X41t42 are identical 
with those of TIM. 
X41t61 is clearly identical with TlSb (Sly-s.r-arg). 
The composition and sequence of X41 are still in doubt but 
the probable N-terminal sequence, which overlaps a well-characterised 
tryptic peptide, has been isolated, together with three "internal" 
tryptic peptides. These four peptides total 30 residues. 
The results obtained with 142 were less satisfactory. No 
Information on the N- and C-terminal regions was obtained. 
Digestion with trypsin in urea was followed by gel filtration on 
Sephadex 0-28. X42t1 was a single peak of relatively high 
molecular weight which was judged pure by paper electrophoresis 
at pH 6.5. Its composition is given in Table 19. No interpretable 
sub-peptides were isolated from the remainder of the sub-digest. 
X42t1 may consist of undigested 142. 
Peptide X3 
A large CNBr peptide, X3, wes isolated in the first, second 
and fourth experiments. Attempts to purify it by cation-exchange 
chromatography in 8 U urea and by paper electrophoresis and 
chromatography were unsuccessful. Re chromatography of 413 was 
apparently effective as a purification technique (Figures 21 and 22). 
However, the experiences with X41 and X42 suggest that 13 was still 
impure. 
The amino-acid composition of 4X3 is: lys, 7.7 (8);. his, 
2.0 (2); arg, 3.0 	(3); bar, 0.9 (1); 	sax, 8.7 (9); 	thr, 4.5 (5); 
ser, 3.2 (3); gix, 7.2 (7); 	pro, 4.2 (4); 	gly, 	3.3 (6); 	ala, 
8.0 (S); val, 5.8 	(5); ii., 4.2 (4); 	leu, 7.8 (7); 	tyr, 26 (3); 
phe, 2.9 (3). (Trace of cysteic acid.) 
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Several attempts with each isolate of X3, using s-Cl 
according to the various procedures described in Chapters III and 
IV, failed to reveal the N-terminus of X3. Experiments with CPA 
were uninterpretabl•. 
Sequential degradation with PITC after an initial treatment with 
SPITC was followed by isolating and hydrolysing the PTC-amino-acids 
prior to amino-acid analysis. The second and third residues were  
lost owing to analyser failure • The fourth residue was quit* 
clearly arginine, pure and in fairly good yield. 
Tryptic hydrolysis of L) in urea led to the identification of 
the following tryptic peptides (Chapter V): 
T19a, T14, T17c, T8c, T15a. 
A peptic sub-digest yielded P130 (Chapter VII) as the only 
recognisable peptic peptide. 
The study of X3 was of use in the grouping together of a few 
of the tryptic p.ptides, but because of the possibility of X3 being 
Impure, even these results must be viewed with caution. 
Discussion 
Seven CNBr peptides, containing about 190 amino-acids in all 
have been isolated (Table 20). This is in reasonable agreement 
with the total number of amino-acids in the f-lactaae molecule, 
which was calculated as being 176 (Chapter II). The possible 
impurity of the larger CNBr peptides may mean that their true 
composit*ons are simpler and smaller in total than has been found. 
Ambler and Brown (1967) discovered a 31-residue peptide, 
produced by the treatment of azurin with CNBr, which could not be 
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purified by electrophoresis but in the same study a 45-residue 
peptide was successfully purified using a combination of gel 
filtration and electrophoresis at pH 6.5. Meadway (1969b) 
encountered similar difficulties in purifying three large CNBr 
peptides (circa SO residues) from B.lichenif orals -lactase. 
Bornstein and co-workers (Bornstein and Piez, 1966; Click and 
Bornstein, 1970) have achieved an impressive fractionation of a 
wide range of CNBr peptides from the cr2 chain of human skin collagen 
using cation-exchange chromatography and gel filtration in ammonium 
propionate, but similar techniques were not successful in the 
present study. 
Hofmann (1964) observed a non-specific cleavage of trypsinogen 
during treatment with CNBr in 50% formic acid, presumably due to 
acid hydrolysis. This could be avoided at a higher pH but the 
CNBr reaction was not then as effective. There was no evidence 
for non-specific cleavage in the present work, but the possibility 
cannot be excluded. 
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Table 21. 	Tryptic Peptides of E.coii r'_Lactamag. 
T2dtr4a amp-thr-thr-met-pro-aia.-ala-met-ai*-t hr-thr-i.u-arg 
T6a/TPa asp-ala-gin-asp-lye 
T15a val-lys-amp-a1 a-gin-sep-lye 
T6b val-asp-ala-gly-glu-gln-leu- (gin • gly )-arg 
T8c val-(gln,gly, iie,leu,tyr)-aex-(aaz,ser,gly,leu)-]ya 
Tila i.u-asp-arg-gl-gix-pro- (pro, gix ,asx2 , ieu/tle )-ala. 
(sax, gix, ieu/ile)-arg 
T15b leu-amp-srg 
flub eer-ala-LIF-aia-(trp,asx,pro,giy,ala,LI? 2 )-lyp 
T12b giy-ieu- us-ala-pro- (giy, a an )-aer-ala-giy-ser-lye-pro-arg 
T14a nor-gly-ela-giu-gly-srg 
Ti 4d pbe-pro-.et-met-s.r-thr-phe-iye 
Tile ph.-pro-aat-aet-e.r-thr-phe-lys-lye 
Tl?a ph-iie-glu-arg-pro- (giu, gin, ieu)-..r-arg 







T2a aax-gly-pro-cye-gix-glx-ui.ph.(aax 2 , thr,glx,ala, leu)-iye 
T16a glu-1.u-va1-(g1y,ala,ieu,tbr2 ,a,a,t,j,, (phe),lys)- 
aep-giu-arg 
fl8d 	 vu-lye 
BAPTER IX. 
PARTIAL SEOUFNCES IN E. C)LI -LACTAMAFR 
The results given in the preceding four chapters do not permit 
the deduction of the complete or a partial amino-acid sequence of 
E.coli f-lactamase. The sequences or partial sequences of several 
fragments, which represent a considerable proportion of the molecule, 
can be deduced and this task is undertaken in the present chapter. 
lb this end, Table 21 is a convenient summary of the tryptio peptides 
described in Chapter V. 
The fragments described here are based upon well-characterised 
peptides and are considered to be reliable, although some of then 
contain uneequenced regions • In some cases, tentative extensions 
of these fragments have been made. It must be strongly emphasised 
that any such tragment of an amino-acid sequence is based upon 
peptide overlaps which are equivocal until all other possibilities 
have been accounted for, i.e. until a partial sequence of the whole 
molecule has been deduced. 
Fragment 1 	 (29 residues) 
This fragment comprises the tryptic peptides lila and T2d, 
which are overlapped by C142 8, C352a, P323b and X73 (Figure 23). 
T2d was completely sequenced, and the sequences of C352a and 
X7: and the composition and partial sequence of P323b confirm this 
sequence. A tentative, partial sequence for lila was deduced. 
The data relating to C142 is the quantitative amino-acid composition 
and the sequence of the first two residues, which are such as to 
overlap with lila and T2d and to permit a little more ordering of 
residues within lila. Residues 7 and 8 in fragment 1 (aax,leu) 
100. 




leu-asp-arg-gix-glx-pro- (a.x, ieu • gix ,, sx )-aia-- (a9x, gix, tie )-arg asp-thr-thr-not-pro-aia-a]a-met-ala-thr-thr-ieu-arg 
142 	 C362a 
glu-pro-(aax,aia,asx,gix, 11e,arg,ax,thr,thr,.et,pro,aia,aia,set) 	ala-thr-thr-leu 
P323b 
pro-ala-ala- (.et,ala, thr, thr, lets) 
X73 
pro-ala-ala-her 
leu-amp-arg-gix-glx-pro-aax-leu-giu-pro-asx-ala- (aix, gix, lie )-arg-asp-thr-thr-met-pro-ala-ala-met-ala-thr-tbr-leu-arg 
are ordered "-asx-leu-" since chymotryptic cleavage after residue 8 
produces C142. Residues 11 and 12 are ordered "-aix-ala-" on the 
basis of the N-terminal sequence of C142 and of the P3-terminus and 
compositions of the thermolytic sub-peptides of Tila. The 
"-met-pro-" bond in T2d is unlikely to be cleaved by chymotrypsin, 
which agrees with the sequence imposed upon C142 by this overlap. 
Tbe presence of C352a as an adjacent C-terminal chymotryptic 
peptide also supports this overlap. 
The N-terminus of -lactase was found to be leucine 
(Chapter III). Fragment 1 in unlikely to represent the N-terminal 
sequence of 3-lactamase since, if it were, there would be a 
twenty-rasidue CNBr peptid. with N-terminal leucine. None of the 
CNBr peptides isolated had leucine as N-terminus nor did any match 
the amino-acid composition of the first twenty residues of fragment 1. 
The CNBr peptide XZ probably overlaps the C-terminus of this 
fragment, as it yielded ala-thr-thr-leu-arg on tryptic sub-digestion 
and had N-terminal alanine. The chyaotryptic peptides C331b 
[arg-lys- (icr, gln • ala, leu)] and C34 arg-ser-gly-leu-pro-ala-ala-
phe] are the o*ly chymotryptic peptides with N-terminal arginine 
but as X8 does not contain phenylalanine, C331b is perhaps the better 
choice for a chymotryptic peptide overlapping fragment 1 at the 
C-terminus. Beyond this tentative addition, the C-terminal 
sequence of fragment 1 cannot be extended. 








T1 8d 	T6a/'r9a 
C122/P262 
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The tryptic peptides T17c and 7 16a were sequenced entirely and 
the N-terminal sequences and compositions of T15a, C122 and P282 
confirm the sequence of fragment 2. 
Th. C-terminal sequence of fragment 2 implies a tryptic 
peptide with N-terminal leucine. Only three such tryptic peptides 
have been isolated, one of which is presumably N-terminal, Shilat 
the others are both accounted for by fragment 1. If most of the 
tryptic peptides from p-lactamase were isolated (Chapter V), it is 
probable that fragments 2 and 1 may overlap. The resulting 
sequence is 43 residues in length: 
T17o-T15a- flla-T2d 
Without further evidence, either from the unequivocal assign-
ment of all the other tryptic peptides to a place in the sequence, 
or from an overlapping peptide, then the overlapping of these 
fragments suet remain tentative. 
Fragment 	 (17 residues) 
The discussion concerning fragments 1 and 2 suggests that 
peptide T18a, and not Tila nor T15b, is the N-terminal tryptic 
peptide. T18a and TSc are overlapped by C42, if an arginino 
residue (T16b) is interposed: 
ieugiyala-arg-arg-val-g1y-tyr-(gln, ii., leu)-asx-(aax, ser,gly ,leu)-lya 
T1 Be 	T16b 	 T8c 
C352c 	 C42 
The sequences of T18a and of C42, and the subdigestion of ISo, 
which placed the tyrosin.o residue in the N-terminal part of the 
peptide, are in accordance with this sequence. Free leucine 
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Figure 24. 	Fragaent 2. 
T18a 	718b 	 T8c 




leu giy-ais-arg-arg-val-giy-tyr 	 asx-ieu-aax-gly- (aer, lys, gix, ser,lle, ieu) 
ieu_g1y_aia_arg .argva1-giy_tyr (gin, lie, leu)-aex-ieu-aex-giy-øer-i ye- (g].x, cer, lie, ieu) 




phe-arg-.pro- ].x-gix-arg-phe-i1e-gi u-erg-pro- (glu, gin)- ieu-ser-arg'-val-aep-aia-giy-giu-gin- ieu-g]y-gin-arg 
I Ti7a 	 T6b 
(C352c) has been isolated. 
The peptides fl8a and TSc were identified in tryptic sub-
digests of the CNBr peptide X3 (Chapter VIII), which indicates 
that it is the N-terminal C1r peptide. Th* observation that the 
fourth residue of X3 was arginine (Chapter VIII) is in accordance 
with the hypothesis that TiSa and X3 are N-terminal peptides of 
-lactamase. 
The C-terminus of fragment 3 is tentatively overlapped by the 
peptic peptide P242 (Figure 24). The next tryptic peptide cannot 
be deduced. 
(16 residues) 
The chymotryptic peptides C251 and C45 are overlapped by the 
tryptic peptide. T14d and T14e. 
25l 	 1 	C45 
T14d 
T1 49 
T14d and T14e are correlated by the sequence of C46 and by the 
isolation of free homoserine (X712/X74) in the CNB* experiment.. 
C251 fglu-ser-ph.-arg-.pro-glu_(arg,ph.,pro,.et)) was not completely 
sequenced but the composition of the unsequenced C-terminal region 
fits exactly in this fragment. 
Fragment 5 	 (26 residues) 
This fragment includes T17& and T6b together with P244a and 
P333 (Figure 25). The total sequence of T6b and the partial 
sequence of P244a agree well. The N-terminal region of P244a 
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correlate, with the tentative C-terminal sequence of 117* and 
permits a total sequence to be deduced, assuming that P244a is 
produced by a peptic cleavage after a leucins residue. The 
sequence of P333 suggests that it overlaps with a tryptic peptide 
which has N-terminal phenylalanin.. T14d and T249 are accounted 





Fragment 6 is Xe, the C-terminal CNBr peptide. It was 
discussed in Chapter VIII. 
asp-g1u-arg-asn-arg-glu-gln-ile-ala-ala-1eu-gly-ser- ile-trp-lys-hi s 
This peptide incorporates the peptic peptides P244b and P420; the 
Interior of the sequence is less reliable because it is not 
correlated by an independently-isolated peptide. The sequence 
"-asn-arg- 11 probably gives rise to the tryptic peptid. 718c 
(asn-arg) and 112a may represent the C-terminal tryptic peptide. 
The partial and tentative sequence derived for peptide 116a 
suggests that it my overlap the N-terminus of XC as shown in 
Figure 26. This tentative overlap makes up a partial sequence of 
26 residues. 
Peptide t27b 
In the sequential degradation of Tim, the leucine and valine 
residues were not distinguished. The isolation of the tryptic 




Figure 26. Tentative Overlap between 716a and X6 
glu-leu-val-(glyala, leu,thr2 ,asx,met his,phe,lys )-asp-glu-arg-an-arg-glu-g1n-ile-a1a-ala-1eu-8er-ile - 
TI 6a 	 -- 	X6 
Figure 27. Tentative arrangement of CNRr Peptides 
i- X5i 	X41 	ft- X12  -\----- X6 
X73 	 X71 
The Cysteine Residue 
The determination of cyateine (Chapter II) and the "performic 
acid diagonal" experiment (Appendix III) suggests that there is a 
single cysteine residue in the 3-lactase molecule. 	It is 
difficult to reconcile what is known about C271, the cysteic acid-
containing chymotryptic peptide with T2a, the corresponding tryptic 
peptide. The latter was impure and the former Is at the present the 
only indication of the amino-acid sequence in the region of the 
cysteine residue of Lcoli -lactase. 
The Tryptophan Residues 
Fragment 6 accounts for one tryptophan residue and peptide P412 
(ala-pro-gly-try), which may be overlapped by peptide Tila, which 
also contains tryptophan, accounto for another. 	In the peptic 
digest, a potential third tryptophan-containing peptide was lost. 
The -lactase molecule contains three tryptophan residues 
(Chapter II). 
Accounting For the Sequence 
The well-characterised fragments account for about 110 residues 
and their tentative extensions bring this total to about 140 
residues. Five well-characterised tryptic peptides are unaccounted 
for in these fragments: 
flub, T12b, T14a, TiTh, T18o 
These peptides total 44 residues and there are at least two poorly' 
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characterised tryptic peptides (T2a, containing the cyateine residue, 
and T2b) which must be included if the whole -lactamase molecule 
is accounted for. The total of all of these to about 200 residues, 
but as there must be some overlaps between the fragments and other 
peptides, the real total is probably somewhat lower. Thus if the 
p-lactamase molecule contains about 180-190 amino-acids, it to 
quantitatively well accounted for by these fragments and the 
remaining peptides. 
Further characterisation of some tryptic p.ptides, especially 
those from the C-terminal nation and the oysteine-containing peptide, 
would be desirable for the completion of the sequence. More was 
with chymotryptic and peptic peptides might also be useful but in 
several instances the overlapping regions between these peptides 
and the tryptic peptides are short. Thus a proteolytic enzyme 
with a different specificity, such as theraolysin, might yield more 
useful information relating to the ordering of the tryptic peptides. 
Cyanogen Bromide Peptides 
An extremely tentative arrangement of the C)r peptides within 
the Ecoli 5-lactamase peptide chain is shown in Figure 27. It is 
based upon the possibility that fragment 2, some tryptic peptides of 
which were isolated from sub-digests of X3, is adjacent to fragment 
1, which overlaps X73 and X8. It is also based upon the fact that 
X6 is the C-terminal CNBr p.ptide and X3 is probably its N-terminal 
counterpart. A possible overlap between TlTh and X42 was discussed 
earlier in the chapter, and this suggests that fragment 4 any overlap 
the C-terminus of X41, the free homoserine residue X712/X74 and 
the N-terminus of X42, as being the only CPr peptide unaccounted for. 
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Homology Between r)_lactaaase Sequences 
Comparison of the tryptic peptides of Lcoli -lactaaase with 
the amino-acid sequences of the R.aureus and B.licheniformis 
-lactamases (Ambler and headway, 1969; Headway, 1969b) yielded 
only two peptides which showed any sequence similarities. Peptide 
TlTh is probably homologous with a tryptic peptide which corres-
ponds to residues 84-92 in B.licheniforais -lactase. 
h is_leussp-thrgly-aet-thr-val-*rg 	TiTh 
his-val-asp-thr-gly-not-thr-l*U-l75 
The corresponding peptide and sequence in S.aureus -lactamase 
comprises residues 79-87: 
tyr-val-gly-lys-asp- ile-thr-leu-lys 
Peptide T2d was considered to be similar to the sequence 
comprising residues 151-162 in R.licheniforeia ('-lactamese and 
residues 146-157 in S.aureus -1actsse. 
Several large fragments, which comprised about 80% of the 
B. 1ichemifora 	-lsctamase sequence, were compared with the 
complete 8.aureus p-lactamase sequence by means of a computer 
programme (Ambler and headway, 1989). In this way the homology 
between the sequences was demonstrated and confirmed. Although 
the fragments of the Lcoli -lactaaase sequence reported here are 
less well-characterised and form a smeller proportion of the whole 
sequence, it was felt that a similar comparison between these 
fragments and the completed sequences would almost certainly reveal 
sequence homology if it exists. 
Visual comparison of each of the six fragments described in 
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this Chapter with the completed sequences suggested that fragment 1, 
which contains T2d 9 might be partly homologous with the residues 
134-162 in B.lich.nifOrmis -1actaaase and residues 129-157 in 
6.aureua r-lactase. None of the other fragments could be 
successfully matched with similar regions of the completed sequences 
by visual comparison. 
Fragments 1, 2, 5 and 6 were compared with S.aureus 3-lactamase 
sequence using the same computer programme as was used by Ambler and 
adway (1969). The programme effectively slides the complete 
sequence past each fragment, residue by residue, noting the number 
of identical residues at each alignment and then printing out the 
psoition of alignment and the number of identical residues for each 
alignment at which a minimum number of identical residues is 
exceeded. In the present case, this minimum number was not at 
three. 
All four fragments could be aligned in several positions 
relative to the complete  sequence such that up to about 15% of the 
corresponding residues were identical. This must be considered 
as the level of "noise" due to chance matching of residues below 
which true sequence homology would not be detected in the present 
compa*tIofl. 
Fragment 1 was shown to have two positions, with its N-terminal 
residue aligned with residues 129 and 130 respectively in S.aureus 
@-lactaaase, at which this level of identity was slightly exceeded. 
U the deletion of a residue corresponding to lysine 144 or 148 is 
assumed, then fragment 1 can be aligned with S.aureua 1-lactamase 
so that 10 residues in the 29-residue fragment are identical and 
so that there are several "conservative substitutions". A similar 
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alignment relative to B.licheniforais -lactase is also possible. 
These alignments are shown in Figure 28. 
This phenomenon must be viewed with caution. The homology 
between fragment 1 and the completed sequences my be an artefact 
of the "-ala-ala-" and "-thr-thr-" sequences. The N-terminal 
region of fragment 1 has not been completely sequenced. Fragment 
2 is not homologous with a region of the completed sequences such 
that it is N-terminal to fragment 1. 
The amino-acid sequences of the 8.aureui and -licheniformis 
-1actamases have identical amino-acid residue, in 108 of the 257 
possible positions. These residues tend to be in short sequences 
of a few residues, distributed throughout the molecules. The 
available evidence suggests that if the E. coli 1-lactamese sequence 
is similarly homologous, then this homology is no more than 18% 
i.e. there will be no more than 25-30 identical residues in a 
sequence of 180 when the full sequence is compared with those 
already determined. The correct positioning of a fragment of a 
complete sequence relative to another complete sequence on the basis 
of homology is reinforced by the etistenoc of the rest of the 
sequence and so the "noise" level of such a comparison will be 
effectively lower. tverthele.s, such a slight degree of homology 
will be difficult to demonstrate conclusively. 
The peptide 117b, and possibly fragment 1, are regions of the 
E.coli r_lactamege sequence which are very similar to regions of 
the complete sequences and other similar regions my yet be dis- 
covered. Comparison of TITh with the corresponding B.licheniformia 
sequence suggests that this my be a strongly-conserved region of 
sequence but this is not borne out when the corresponding S.aureua 












B. lichen iformis 
CHAPTER X. 
RELATIONSHIPS BETWEEN STRUCTURE AND FUNCTION IN E, COLI 3..LACTAMAFE 
The sequence studies on E.coli -lactamase have shown that 
there is likely to be very little homology between the full 
sequence of this protein and the sequences of the B.licheniforais 
and 6.auraus r-lactamases. The few structural similarities that 
do exist may represent a residual degree of sequence homology 
between proteins with a distant common ancestor, i.e. divergent 
evolution, or they may represent the essential elements in the 
structure of a r-lactamaae acquired by mutation and natural selection, 
i.e. convergent evolution. Chemical modification and enzymological 
studies (reviewed in Chapter I) on the Grain-positive f-lactamases 
have given some insight into the relationship between structure and 
function in these enzymes. This chapter describes experiments 
which were carried out in order to obtain a similar insight into 
E.coli 3-lactamase. 	It was hoped that a comparison of the R- 
lactamases in this respect might clarify their evolutionary 
relationships. 
Methods 
The epectrophotoinetric variant of the Parrot (1954) assay for 
3.-lactamase developed by Sberratt and Collins was used for the 
chemical modification studies (see Chapter II for references and 
description). Miohinelis parameters were determined using the 
aioro-iodometrto assay (Novick, 1982; see Chapter II). The 
variation of these parameters with pH was studied using 0.1 M sodium 
phosphate buffers (Goaori, 1955). 
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-1actaaase (0.1 pAOI in 10 ml 0.005 M-Tris-1 pH 7.5) was 
incubated with diisopropylflUOrOphOsPhate (0.005 ml DPP in 05 ml 
isopropanol) for 1 h at room temperature in a screw-cap flask 
(Cohen et al., 1969). It was assayed for ..1actamase activity at 
0, 30 and 60 mm. There was no detectable loss of activity. DTP 
is extremely toxic and large volumes of 1 I-POH in 50% ethanol 
were used to detoxify used glassware and residual solutions. 
Thtranitromethan* was first demonstrated as a tyrosine-specific 
modification reagent by Sokolovaky et &1.,, (1986). The reaction 
conditions, possible side-effects and examples of the nitration of 
tyrosine residues involved in the activity of various enzymes have 
been described (Riordan and Vallee, 1972). 
0 
010 ml of TNM was added to 4.2 ml of 98% ethanol to form a 
20 mM solution, which was further diluted as required. 	TNV is 
both toxic and explosive, large volumes of 1 M-ammonia were kept 
at hand for the detoxification of glassware and residual solutions. 
Trial experiments indicated that incubation of E.00li f-
lactamase with TNM at pH 8.0 caused a rapid, partial loss of 
activity. moIar excesses of T?N from 10-fold to 100-fold, and 
Incubation time from 1-3 Ii all caused a loss of approximately 40% 
of the enzymic activity. Other experiments indicated that the 
rate of lose of activity was independent of the concentration Sf 
TNM, within the same range. E.coli -1aotamase activity wa.s not 
affected by incubation with TNM at pH 6.8. 
To one imo1 of -1actaise in 40 ml of 0.1 M-eodium phosphate 
buffer pH 8.0 was added 10 imo1 of TNV in 0.05 ml 95% ethanol. 
After 1 h at room temperature the loss of actitity was 36%. The 
solution was freeze-dried, desslt.d on a smell column of 8.phadx 
Ralph N. Emanuel. 
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G-25 in 0.1 M-ammonia and freeze-dried again. It was then 
incubated with 05 mg each of DC-trypsin and 88T1-ohymotrypsin 
for 4 h at 37°C. A single yellow band was purified from the 
digest by paper electrophoresis at pH 6.5 and pH 3.5. 
Two smaller batches of nitro-'-1actalMse were also prepared, 
one of which was digested with MCC-tryp.in. 
Photooxidation of specific residues in proteins was successfully 
exploited in a quantitative fashion by Wail and co-workers. 
Irradiation with visible light of protein solutions containing 
traces of methylene blue caused the loss of biological activity 
which could be correlated with the destruction of specific amino-
acid residues. (Weil at al., 1951; 1953). 
A simple experimental technique was used for the photocacidation 
of -1actamaae (Figure 29). The protein solution was added to a 
a11 beaker with a magnetic stirring bar. It was mounted in a 
shallow glass dish containing ice-water on a magnetic stirrer. 
Irradiation was with a desk lamp fitted with a 15 W tungsten-
filament bulb. The shade of the lamp served to exclude external 
light and to maintain the light source at a fixed distance from the 
protein solution. Mathylene blue solution was added, after a pre-
incubation under the light source to stabilise the temperature. 
The temperature was fairly stable at 35-40 0C in control experiments. 
Samples were taken with a pipette. flactase assays were 
performed immediately and samples were stored in the dark prior to 
desiccation and hydrolysis for amino-acid analysis. A similar 
method has been used by IGenkaro and Richards (1966). 
In one experiment, 0.5 ionol of 3-lactamase in 10 ml 0.05 W. 
sodium phosphate pH 7.0 containing 0.01% methylene blue was 
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irradiated for 1 h with a 15 W source at a distance of 10 cm. At 
15 min intervals samples were taken for amino-acid analysis and 
these were also assayed for ç-lactamaee activity. At the end of 
th experiment, less than 5% of this activity remained. 
At pH values near to neutrality the carboxymethylation of 
histidine residues is often the most rapid reaction of lodoacetic 
acid with proteins (Gundlach 	4i., 1059; Gurd, 1967). 
-lactase solutions of about 2 x 1O 4 units/Ml in 0.1 II-
sodium phosphate buffer p11 7.0 were mixed with equal volumes of the 
same buffer containing various concentrations of 1AA (0.05-1 mg,il) 
and incubated at room temperature. The -1actaaaee activities of 
the mixutrea were assayed at intervals for 8 h, and a final assay 
was made after 20 h. 
Following this experiment s 05 1,vsol of -1sotamsse in S ml 
14 	* 
0.1 M-odiva phosphate pH 7.0 was mixed with 5 minol of C-1AA 
(0.015 sic per naol) dissolved in 1 ml of the same buffer. After 
incubation for 2 ii at room temperature, the preparation was de-
salted on a small column of Sepbadex 0-25 in 0.1 M-ammonia, freeam- 
and 
dried/then digested for 4 h at 37 *C with 0.26 Mg of DPCC-trypsin. 
The digest was fractionated by paper electrophoresis at pH 6.5 
and pH 3.5 and the peptides containing modified residues were 
identified by autoradiography. Electrophoretograms were incubated 
in contact with photographic films (Kodak Blue Band) in the dark 
for two or three weeks. One such autoradiograph is shown in 
Figure 33. 
flssul to 
A single serine residue has been implicated in the enzymic 
The Radiochemical Centre. 
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activity of many proteases and eaterases (Milstein and Sanger, 
1961) and the inactivation of these enzymes by the phosphorylation 
of the aerine residue with organophosphorue compounds such as DFP 
is a notable common characteristic (ICoahiand, 1959). DFP does 
not inactivate E.coli -laotaaase, which suggests, but does not 
prove, that serine residues are not involved in the active site of 
this enzyme. 
Experiments with 7etran1tromethane 
MW results of preliminary experiments, considered in the light 
of the specific nitration of a single tyrosine residue in B. 
licheniformis -lacta*se (adway, 1969a,b) suggested that a 
similarly specific reaction might occur with Leoli -1sctamaa0. 
Samples of the enzyme 	hydrolysed and analysed for amino- 
acids before and after reaction with TW showed that the 36% loss 
in activity was accompanied by the loss of 32% of the original 
tyrosine content and by the recovery of a corresponding amount of 
3-nitrotyrosifle. 
It has been shown that TNM will aKidise suiphydryl groups in 
proteins (Rokolovsky et .1., 1969). At low pH values, TNM will 
not react with tyrosine and is specific for cysteine residues. No 
loss of cysteine was observed as a result of the reaction of TISI 
with 5-1actaaae at pH 8.0. At pH 6.8 0 T)I did not inactivate 
the enzyme. If cystethe was oxidised slowly, it would have been 
difficult to detect in these experiments, but if so, there was no 
detectable loss of enzymic activity associated with it. 
A single peptide containing 3-nitrotyrosine was isolated from 
a tryptic and chymotryptic digest of nitro-f-laCtaWe. The 
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composition was: 
sax 2.0 (2) 
thr 0.2 
8sF 1.0  
gix 2.1  
gly 0.2 
ala 0.2 
val 0.9 (1) 
leu 0.9 (1) 
0.9 (1) 
The N-terminus was serine and the mobility at pH 6.5 was -0.6. 
In these respects, the peptide is identical with the chyaotryptio 
peptide C3 92a r ser-glx-aax-val- (sax, gix, lou, tyr)J except that it 
contains 3-nitrotyrosine instead of tyrosine. 
A second sample of nitro-frlactaaas. was digested with trypsin 
and a single yellow band was purified by paper chromatography and 
electrophoresis. A large, impure, neutral peptide with N-terminal 
leuc ins was isolated but a poor amino-acid analyser run rendered an 
uninterpretable analysis. 
Ttranitroaethane reacts with E.coli -lactamase to cause a 
partial loss of catalytic activity due to the nitration of a single 
tyrosine residue which is contained in the chymotryptic peptide C392a. 
Photooxidation of Looli f-laotamase 
Figure 30 shows the decay of e-lactam.se activity during 
photooxidatics. Peoples taken at intervals were hydrolysed 




destruction of half of the total histidine content accompanied the 
loss of activity. About 12% of the methionina content was also 
destroyed but it has been shown that the photooxidation of aethionine 
produces aethionine suiphoxide which reverts almost quantitatively 
to methionine under the conditions of acid hydrolysis (Weil et al,, 
1951). There was no photooxidative destruction of any other 
amino-acids, although the tryptophan contents were not measured. 
A second experiment confirmed that the destruction of half 
of the histidine content of 3-lactamese (i.e. 2 out of 4 residues) 
was approximately paralleled by the loss of enzymic activity and 
that tyrosine in the protein was not affected by photooidation. 
Simultaneously, sales were taken for alkaline hydrolysis in order 
to study the aethionine and tryptophan contents of the enzyme 
during photooxidation (Noltman et al., 1962). As was noted in 
Chapter IV, the recoveries of the various amino-acids were variable. 
The entire photoaxidised -1actamaae from a third experiment 
(0.5 iao1) was desalted on a smell column of Sephadex G-25 in 0.1 M-
ammonia and digested with 0.25 mg DPCO-trypsin, in parallel with 
0.5 pool of the native enzyme. Part of each digest was subjected 
to pH 6.5 electrophoresis in parallel. The •]ectrophor.tograa 
was stained with the Pauli reagent, which is specific for tyrosine 
and histidine. The "photooxidised" strip gave very faint spots. 
The only spot not present in the "photooxidised" strip, relative to 
the "native" strip was at mobility +0.1. 
The experiments involving the photoozidation of E.coli p-
lactamaae showed that one or more histidine residues were probably 
involved in the catalytic activity of the enzyme. Consideration 
of the compositions and mobilities of the tryptic pptid.s (see 
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Table 10 in Chapter V) suggested that TiTh and/or T17c may be 
peptides which contain a hietidine residue essential to the 
activity of f-lactamaee. 	It is possible that the loss of activity 
on photooxidation was partly or wholly due to the oxidation of one 
or more methionine residues to methionine suiphoxide, and that 
reversion of this compound to mathionine during acid hydrolysis 
masked this effect. 
Ray and ICoshland (1960, 1962) have undertaken kinetic studies 
of photooxidation. The sum of the first order rate constants for 
the photooxidative destruction of certain residues was found to 
equal the first order rate constant for the loss of biological 
activity. This technique precludes the possibility of the wrong 
assignment of residues to the active site because of their 
fortuitous photoodidation. It was considered that the application 
of this technique required data of greater precision than was 
possible with the simple experimental technique used in the present 
work. 
At this point, experiments with lodoacetic acid were initiated, 
as it was considered that isolating and analysing peptides con-
taining modified residues would be easier than proving that certain 
peptides were not present after photooxidation. 
Experiments wi*h lodoacetic Acid 
Figure 31 shows the decrease in enzymic activity with time 
when -1aotaaaee was incubated at pH 7.0 with various concentrations 
of 1AA QUA]). At each concentration of IAA,, the initial rates 
of inactivation of f-laotamase (V) were measured and Figure 32 













Of slope +0.95 was obtained, ifldicitinr that the inactivation of 
-lactase by IAA is first order in 1AA • Order does not 
necessarily equate with solecularity but the simplest explanation 
Of these results is that a single molecule of IAA reacts with a 
single molecule of 3-lactaaai, to inactivate it. 1AA may react 
with -lactamasa in other ways which do not affect the activity of 
the enzyme. 
Reaction of -lactaise with a 10 4 -fold molar excess of 1AA at 
p11 7.0 for 4 h caused an 85% loss of activity and a 35% loss of 
histidine. 
0.5 "aol of -lactai*se was reacted with 5 inmol of IAA at 
p11 7.0 for 2 h. It was digested with trypsin and Figure 33 shows 
the autoradiograph prepared from the preparative p11 6.5 electro-. 
phoretogra of the digest. 
The three radioactive bands were eluted and further purified 
by p11 3.5 eleotrophoreaja. Only the band B contained detectable 
amounts of ninhydrin-posjtiye material. A single, pure peptid* 
was isolated in low yield. Its composition corresponded tot 
sox 1.0 Ii) 
thr 1.8 (2) 
ear 3 0.5 
CM-his 3 1.1 (1) 
gly 1.0 (1) 
ral 1.0 (1) 
set o.fl 
leu 3 1.0 (1) 
erg 1.1 (1) 
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The peak tentatively identified as carboxyasthyl-histidlne 
eluted in a position between the expected positions of glutamic acid 
and proline, and had a small shoulder on the trailing edge. The 
quantity of CM-hisidine was calculated using the colour constant 
for glutam.tc acid. The experiments of Crest! ield et al. (1063) 
on the alkylation of hiatidine residues in ribonuclease suggests 
that this was i-carboocyaethy].-hist idine. 
These experiments show that the inactivation of E.coli - 
lactamase by 1AA at pH 7.0 is due to the specific alkylation of a 
single histidine residue which corresponds to the N-terminal residue 
of peptide TiTh. 
A similar specificity of alkylation of histidine residues in 
ribonuc lease was observed by Moore and Stein and co-workers 
(Crest! ield et al, 1963; Hsinrikson et al*. 1965). who also noted 
that the alkylat ion was rapid relative to the alkylation of N-ac.tyl 
histidine under the same conditions. Presumably the environment 
of the susceptible histidine residue in -lactas* is such as to 
promote rapid alkylation as the C-terminal histidine residue would 
be expected to be exposed to the solvent. Prolonged treatment 
with 1AA resulted in the alkylation of more than one histidine 
residue and the 2 h incubation used in the preparative experiment was 
chosen so as to permit the isolation of a ainle labelled peptide, 
The two minor bands in the autoradiograph may have been the result 
of the alkylation of other residues, although they my also have 
been due to the formation of a 1,3-dicarboxymethylhj.tjdine peptide, 
or to the partial proteolytic cleavage of peptide bonds. 
No CM-cysteine was observed in the analyses of p-lacta.ase 
treated with 1AA under the conditions described here. At pH 8.3 
119. 
in 6 M urea, a 2 h incubation with a large excess of 1AA resulted 
in the formation of 0.9 solo of C)-cysteine per aol of -lactaaase. 
Under the same conditions about 40% (1.4 aol/ol) of the histidine 
content of f-1aotaaas. disappeared (Chapter II). 
The experiment, with 1W and 1AA suggest that the single 
cysteine residue in E.coli f-1actase is unreactive and may be 
shielded in the Interior of the molecule. However, Datta and 
Richmond (1966) observed a loss of 16% of the -1actamase activity 
when the enzyme was incubated with 1 mM-p-chloromercuribenzoate 
for 15 min at room temperature. The 3-lactamase isolated from 
A.robscter cloacae 53 was shown to contain 2 or 3 solo cysteins/mol 
and to be considerably more sensitive to p-chloromercuribenzoate 
(Jack, 1971). 
The main limitation of these studies is that it is impossible 
to be sure that the modified residue is at the active site of the 
enzyme. An attempt to use a substrate or inhibitor of f5-lactase 
to block chemical modification is impractical since even the best 
inhibitors are hydrolysed very rapidly (headway, 1969a). 
Variation of 3-lactamase Activity with pH 
Michaelis parameters K and V 	for R-laotamase were calculated 
M 	max 
over a range of pH values from values of the initial rate of 
hydrolysis of various concentrations of sodium benzylpenicillin 
(Lineweaver and Burk, 1934). The results, together wIlh values of 
pK, log V and - rlogv/PK, are shown in Table 22. Km is defined 
as the substrate concentration at which the enzyme attains one half 
ot its maximal initial rate V. which In also the molecular activity 
and is expressed in solo of substrate hydrolysed per aol enzyme per 
minute. 
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Table 22. Variation of Michaelis Parameter, with pH 
PH K pK V log V -riog V/pX] 
5.85 29 4M 6.64 1.58x104 4.20 1.46 
6.46 17 sM 577 167x10 4 4.22 1.55 
6.90 12 11M 5.92 1.85x10 4 4.27 1.65 
7.10 31 ItM 6.51 1.5wo 4.18 1.33 
7.49 40 tM 5.40 0.94x104 3.97 1.43 
7.72 100 ,iM 5.00 0.58x10 4 3.78 1.34 
8,00 220 jiM 4.84 0.27x104 3.43 1.21 
The logarithmic functions are plotted against the pH in 
Figure 34. Also shown in Figure 34 is a plot of log V against pH 
for nitro-p-lactamase. In this case, the V at each pH was 
measured using the apectrophotoaetric Perrot assay and expressed 
as a percentage of V at pH 6.90. 
Dixon (1953; reiterated and expanded by Dixon and Webb, 1964) 
has developed a theory which interprets the effect of pH on the 
kinetics of enzymic reactions in terms of the Ionisation of groups 
In the enzyme, the substrate and the enzyme-substrate complex. 
From the Michaelis-Mentin equation and the Michaelis pH functions 
is derived an equation: 
S 	 S 
plC5 = pX5 - 
	
+ pf + pf 5 
K is the substrate constant derived from Michaelis-ntin equation 
and K is the equilibrium constant for the reaction between the 
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complex in terms of the total amount of each, respectively. If 
it is assumed that the theoretically-derived substrate constant K 
can be equated with the operationally-defined Michaelis constant 
IC, then this equation can be used to interpret graphs of pK 
plotted against pH. 
pIC is a constant term and merely affects the vertical position 
I 
of the graph, whilst the other terms are all functions of the 
degree of ionisation of the enzyme, the substrate and the enzyme-
substrate complex. The graph will consist of straight regions 
joined by short, curved sections each of which denote an ionisation 
in one of the components. Extrapolation of the straight regions 
on either side will intersect at the pH corresponding to the pK of 
the ionising group. Each ionisation of a group in the enzyme-
substrate complex will increase the gradient by +1 and each 
jonisation in the enzyme or the substrate will decrease the gradient 
by -1. The gradient in any portion will be equal to the change 
In charge occurring wben the enzy*e-substrate complex dissociates 
Into free enzyme and substrate. 
A similar treatment of plots of log V vs pH is possible. 
The pICa of groups in the enzyme-substrate complex can be identified 
in this way. 
Dixon (1983) has pointed out that the pICa of the ioniaations of 
amino-acid side chains in proteins often differ considerably from 
these in the free amino-acids. 	In addition, the pKs determined 
are molecular ionisation constants rather than group ionisation 
constants. The assumption that IC = K may not be valid. Cleland 
(1970) has emphasised that the overall interaction between enzyme 
and substrate may be complex and that the rate-deterigining step may 
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change with p11. For these reasons the identification of amino-
acids involved in the activity of an enzyme on the basis of pKs alone 
is unreliable. 
In order to partially avoid this limitation, Cleland (170) 
has advocated the plotting of -flog V/plC1) vs pH as being effectively 
a plot of log rbinding] vs pH. The binding of the enzyme and the 
substrate is a one-step process and any OM will be true pKa. 
A consideration of the results of the chemical modification 
studies of E.coli -lactanmse permits an interpretation of the data 
in Figure 34 despite these limitations. 
Sodium benzylpenicillifl does not ionise in the pH range studied. 
There appear to be two groups which ionise in both the enzyme and 
the enzyme-substrate complex and which have pKs close to 7. 
Ionisation of one of these groups causes a total loss of activity, 
represented by the gradient of -1 on the right-hand-side of the 
graph. 
The left-hand-lids of the graph has a slope of approximately 
+ 1/3 and following the interpretation of Cic'land (1970) 9 this 
represents the protonation of a group, causing a partial loss of 
activity. This phenomenon is eliminated in nitro--lactama5e. 
This suggests that the tyrosine residue which is susceptible to 
nitration is required to be unprotonated for full aotiviy. This 
may explain the partial loss of activity which accompanies 
nitration. The fact that TIll is so specific argues for an 
abnormally low plC for this residue (Riordan and Vallee, 1972). If 
this is so, then the reactive histidine residue may be the residue 
which is required to be protonated for full activity. Ionisation, 
or chemical modification, inhibits the activity of the enzyme 
123. 
completely. These ionising groups have little or no effect upon 
the binding between the enzyme and the substrate. 
Proposed Mechanism of Looli r-lactsmaa. 
The molecular activity of R.coli fl-lactase is 8 x 1O 4 mole, 
aol/am, i.e. 10 aol/aol/see, which is near the upper limit for 
a reaction in which proton transfer In rate-limiting (Eigen and 
Raises, 1963), and suggests that a covalent reaction intermediate 
Is unlikely. The activation energies for the enzymic hydrolyses 
of penicillin rang. from 3-8 koal/mol (Smith and Hamilton-Miller, 
1983). The hydrolysis of p-nitrophenyl acetate is catalysed by 
iaidazole and aa.tylimidazole is an intermediate (Bruic. and Scheir, 
1987). The activation energy of this reaction to about 16 kcal/ 
aol • Thus a penicilloate *star of the imidazole moiety of 
hietidine is an unlikely reaction intermediate. 
On the basis of the experimental work described earlier in 
this chapter and the interpretation thereof, a tentative mechanism 
for the catalysis of penicillin hydrolysis by 3-lactamase is pro-
posed (Figure 38). The histidine residue serves to protonate the 
p-lactan nitrogen in penicillin. The phenoxide ion of the tyrosine 
residue polarises a water molecule, promoting nucleophilic attack 
by hydroxyl ion at the 3-lactam carbon ates and possible then 
serving to reprotonate the imidazole moiety. 
This mechanism is both tentative and partial. It explains 
the experimental observations in the simplest way. 	It is possible 
that the histidine and tyrosine residues are not at the active site, 
that the observed ionisations are of other groups and hence that 
this interpretation is founded on false assumptions. 	It is also 
124. 
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possible that this interpretation is too simple. An examination 
of the reactivity of the cysteine residue and of tryptophan residues 
in f-lactamaso might Introduce new data which might modify or 
nullify the proposed mechanism. Probably there is a positively-
charged residue at or near the lactamase active site which serves 
to bind the substrate through its carboxyl group to the enzyme. 
The observation that the -1aotam of 1,1-diaethyl-(2-aethylthia-
zolidin-2-yl) acetic acid, which has the structure of the penicillin 
nucleus without the carboxyl group, is not hydrolysed by f3-lactamaae 
may imply an ionic interaction of this nature (Pollock, 1957). 
The different relative activities with different penicillins 
and cephaloepor ins (see Chapter I) are presumably due to the 
effects of interactions between the different side-chains and the 
(3-lactamsie molecule. 
Thus there is a need for further chemical modification and 
enzymological study of -1aotamaee. The final test of the 
validity of this mechanism could be the determination of the tertiary 
structure of the enzyme by X-ray crystallography. 
If this mechanism is used as a working hypothesis, then it 
predicts that the reactive tyrosine and hietidine residues are 
likely to be conserved in an evolving protein sequence. The 
reactive tyrosine-containing peptide in E.colt p-lactaaase is 
392a 
s.r-glx-asx-val- (glx ,asx, leu, tyr) 
The corresponding tyrosine-containing peptides in the B.licheniforcis 
L.aureus and B.oereus -1actacases are: 
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9. licheniformis 	asp-asp-leu-val-asn-tyr 
F. sureus 	 asp-asp-ile-val-ala-tyr 
B.cereus 	 glu-asp-leu-val-asn-tvr 
(Meadway, l69b; Ambler and Meadway, 1069; Thatcher, personal 
communication) 
The E.coli peptide is a ohymotryptic peptide whereas the others are 
produced by tryptic and chymotryptic cleavage. The three 
sequences from Gram-positive organisms are quite similar to each 
other whereas the E.coli sequence is somewhat different. 
In contrast the histidine-containing peptide in E.coli 
f-lactamase is very similar to sequences in the B.licheniiorals 
and 8.cereus -1actamases, whereas the S.aureue 3-lactaaase 
sequence does not have a histidine residue in the corresponding 
position. 
B. licheniformis 	his-val-asp-thr-gly-not-thr-leu-lys 
B. cereus 	 his-val-asp-thr-gly-met-lys 
E. coli 	 his-leu-asp-thr-gly-met-thr-val-arg 
S. aureus 	 tyr-val-gly-lys-asp-il.-thr-.lsu-lys 
It to possible to envisage a tyrosine residue replacing the 
histidine residue in the proposed mechanism. If this were the 
case in S.aureus f-lactaaase then there would be two tyrosine 
residues with abnormally low piCa and it is possible that they 
would both be susceptible to nitration by TNPA. This was not 
observed in the experiments with TNM and F.aureus -lactamaso 
(R.P. Ambler, personal communication). Another histidine residue 
In this molecule my be reactive. Further experiments with this 
enzyme may give new insight into this problem, 
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The activity vs pH curves of the 13.11cheniforiais, S.aureus and 
E,coli -lactamaaes are similar, with a fairly broad pH optimum 
around neutrality, with a very steep fall on the alkaline side and 
a gentler fall on the acid side (Pollock, 1965; Richmond, 1963; 
Datta and Richmond, 1966). 
There are chemical and enzyaological similarities amonst the 
various -1actai.es which must be considered in the evaluation of 




M Improved procedure resulting in the 430-fold purification 
of the -lactaaaae from Escherichia coli W3310 containing the TEM 
resistance transfer factor Matta and Kontoaiohalou, 1965) has been 
described. Recoveries of over 60% and specific activities of 
18.5 x 10 units of 3-lactamese activity per milligram of protein 
(3.1 x 10' International Units per mi1li.ram) have been routinely 
achieved. This specific activity is greater than the value of 
3,0 x 10 units per mg reported by Itta and Richmond (1966). The 
purification proced re is straightforward and reproducible and 
yields of 15 milligrams of pure protein per litre of bacterial 
culture are possible (Appendix I). The relative activities with 
respet to various penicillius and oephalosporins (the substrate 
profile) and electrophoretic mobility of the purified enzyme are 
Identical with the 3-lactamasa purified from R.coli TEN by Datta 
and Richmond (1968). The identity of -lactamas.s specified by 
the same RTFs but purified from different trains and species of 
bacteria has been demontrated (Neu and "machell, 1970; Dale and 
Faith, 1971a). 
An estimation of the degree of purity of a protein preparation 
mut be based upon several distinct criteria and even then it in 
limited by the sensitivity of the analytical methods employed. 
The 3-lactamase prepared by the prtent method was considered 
to be homogeneous by the criteria of starch gel electrophoresis at 
pH 8.5 and pH 4.0 0 by rechromatography and by gel filtration at 
pH 7.0 and in 50 76 formic acid. 	It was estimated that the starch 
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gel electrophoresis technique would detect a contaminating protein 
amounting to 4% or more of the (-lacta.ase protein. 
A very faint, low-molecular-weight contaminant was observed 
when -lactamase was subjected to 8D-polyacrylaaide gel electro-
phoresis. From the experiments of Weber and Osborn (1969), it 
is estimated that 0.001 mg of protein could be detected by this 
technique. This represents about 5% of the sale of 13-lactamase 
applied to the gels. Thus the 3-lactamase was not absolutely 
homogeneous. 
Various experiments with different preparations of 3-lactamase 
confirmed the purity of the protein. The variation of the 
results of amino-acid analyses on samples of 3-lactase from 
different preparations were within the limits of accuracy of amino-
acid analysis. The investigations of the N-terminus using 2,4-
fluorodinitrobenzene and of the C-terminus using carboxypeptidase A 
also suggested that the protein was pure. 
It was considered that E.coli -lactamaae prepared by this 
technique was sufficiently pure to be used in amino-acid sequence 
studies. 
The two determinations of the molecular weight of E.coli 
3-lactamase by physical methods gave values of 21 x 101  and 
27 x 10 	 dalton.. An earlier determination gave a value of 
1.7 x 10 dalton. (Datta and Richmond, 1965). The limitations of 
each of these determinations were discussed in Chapter II. The 
only deduction that can be made from these results is that the 
amino-acid analyses of Lcoli 3-lacta.ase should be interpreted in 
terms of a molecular weight of 2.0 x 1O 4 - 2.5 x 1O 4 daltons, 
rather than of 1.5 x lO or 3.0 x 1O4 daltons. 
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The experiment, with cyanogen bromide suggested that there 
were six aethionine residues per molecule of p-lactamase. Reaction 
of -lactase with tetranitromethane caused a 32% nitration of 
tyrosine and a single nitrotyrosine-containing peptide was isolated. 
This suggests that the -lactamase molecule contain, three tyrosine 
residues. If the methionine and tyrosine contents of -lactamas• 
correspond to 8 and 3 residues, respectively, then a molecular 
weight of 2.0 x lO daltons is indicated for 3-lactamase. The 
tryptophan content of the protein was estimated as three residues 
per molecule, assuming this molecular weight. The extinction 
coefficient of the protein at 280 nm correlated with a total of 
three residues of tyrosine and three of tryptophan per molecule. 
A molecular weight of 2.0 x 10 daltons corresponds to a 
sequence containing about 180 amino-acids. The summation of the 
sequences represented by tryptic peptides exceeds this f4gure 
slightly but there In some duplication of sequences amongst the 
well-characterised tryptic peptides and this phenomenon probably 
occurs in other tryptic peptides. 
The possibility remains that only 65% of a 230-residue protein 
was represented in the tryptic peptides. It was calculated that 
70% to 80% of the products of tryptic digestion were subjected to 
the initial fractionation and so an insoluble region of the protein 
left after tryptic digestion and accounting for 35% of the sequence 
is unlikely. The weight of evidence lies in favour of a molecular 
weight of about 2.0 x 10 dalton., but further confirmatory expert-
ments are desirable. 
Dale and Flaith (1971b) have obtained values of 2.0 - 2.1 x 10 
daltons for the molecular weight of the -1actamase from Lcoli Kl2 
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containing the TEM WI'?, using gel filtration and ultracentrifugation 
methods. 
Purified E. col i ft-lactaaase was analysed for amino-acids • The 
calculation of the number of residues per molecule from the analyti-
cal data has been discussed above and in Chapter II. The limitations 
of the analytical technique have been discussed in Chapter IV. An 
accurate amino-acid composition waits upon the completion of the 
amino-acid sequence, which will also enable an accurate molecular 
weight to be calculated. It has been calculated that Lcoli - 
lactamase contains one residue of cysteine per molecule. 
Another factor contributing to the inaccuracy of the amino-
acid composition was the free amino-acid content of the -lactamase 
preparation. Free marine was purified from tryptic, chynotryptic 
and cyanogen bromide hydrolysates of the protein. Olycine and 
alanine were also sometimes found. Steven and Tristram (1962) 
discovered that free serine and to a lesser extent, other amino-
acids and small peptid.s were associated with human skin collagen 
after a lengthy purification procedure. Meadway (1969a) observed 
a discrepancy in the glutamic acid content determined by analysis 
of B.licheniforaia p-lactamase, when compared to the amino-acid 
sequence. The purification of the enzyme from a culture filtrate 
rich in glutamic acid was suggested to be the source of free 
glutamic acid bound to the protein. A small peptide isolated 
during sequence sties on 8.aureua g-lactamass , did not fit the 
sequence but its structure suggested that it was derived from the 
bacterial cell wall cucopeptid. (R.P. Ambler, personal communication). 
The variability of the carbohydrate content of the Lcoli 
(-lactamaae preparation suggested that it too was a non-covalently- 
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bound contaminant of the preparation. In one tryptic digest, a 
fraction which was both nthhydrin- and carbohydrate-positive was 
shown to consist of free reducing monosaccharide and free amino-
acids. 
Jack and Richmond (l'70) have completed an extensive compara-
tive survey of P-lactamases from Gram-negative organism, and have 
classified then into eight types, on the basis of substrate profile, 
sensitivity to various inhibitors and •lectrophoretio mobility. 
The -lactamase In and lb purified from a strain of E.coli 
and the E.coli Ri -iactaaase (Linqvist and Nordstrom, 1970) 
(Yamugishi et ml., 1969; Sawai et *1., 1970Y are all coded for by 
resistance transfer factors found in E.coli. These enzyme., 
together with that from Looli W3310, can be classified as Type 1 
3-lactamases (Jack and Richmond, 1970). They all have molecular 
weights in the region of 2.0 - 2.2 x 10 daltons. 
Dale and Smith (1971b) have studied several Gram-negative 
-lactases and defined two groups. One group contains -1ac-
tamasee specified by fl-factors in two strains of E.coli (including 
Ecoli K' containing the TEM WIT), two strains of Kiebsielia and 
In Aerobacter. These enzymes all have molecular weights in the 
range 1.8 - 2.3 x 10 dalton.. The other group containing two 
chromosomally-mediated -1actaaases from E.00li 119 and 214T and 
theme enzymes have molecular weights of 3.1 and 3.2 x 10 
4
daltons 
respectively. These latter enzymes are comparable with the 
E.col.i K12 and E.coli 1i131 chronososally-aediated 3-lactamases 
(Lindstrom et ml., 1970; Neu and Winscbell, 1970; see Table 1, 
Chapter I). 
Most of the well-characterised, RTP-mediated 3-lactamases 
from Gram-negative bacteria have similar molecular weights in the 
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region of 1.8 - 2.3 x 10  daltons. One exception, the an yme 
from E.coli K12 bearing the R-1818 Ri7 has a molecular weight of 
about twice this figure (Dale, 1971). These enzymes may form a 
related group analogous to the Gram-positive -1actamaeea. 
Most of the well-characterised, chroaosoaally-mediated - 
lactamases from Gram-negative bacteria fall into a distinct group, 
typified by a molecular weight of around 3.0 x 10 dalbons. 
The N-terminus and the C-terminus of E.coli P-lsctamaae have 
been determined and correlated with fragments of the amino-acid 
sequence • The experiments with fluorodintrobenzene were fairly 
successful although the yields of Dnp-1.ucine were rather low, 
llofmann (1964) observed a low reactivity of the N-terminal leucine 
of a cyanogen bromide peptide from trypsinogen with ?DN8, He 
suggested that the formation of E -t)np-lysine at the N-terminal 
region of the peptide would render it extremely hydrophobic and 
therefore unreactive • The N-terminal aquence of the peptide was: 
leu-il.-ly.-leu-lys- 
It is interesting that leucine amino-peptidaee did not release 
amino-acids from this peptide. A similar phenomenon would not 
be expected with 3-lactamase in view of the postulated N-terminal 
sequence. 
Gray (1967) has emphasised that the reaction of proteins with 
1-dimethylaisinonaphthslene- 5-suiphonyl chloride may often give 
poor yields of (-Dna-amino-acids and has suggested (Gray, 1971a) 
the use of SD to maintain the protein in solution during the 
reaction. A similar technique (K. Weber, unpublished) was used 
in the present work, but with limited success. 
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The potential use of 4-sulphophenylisothiooyanate in the 
sequential degradation of polypeptides has been demonstrated. 
Much more development of the technique is necessary. It may be 
useful for determining the sequence of the first few residues in a 
protein or large peptide and thus simplify the recognition of 
peptid.s from the N-terminus in subsequent proteolytic digests. 
Neither this technique, nor the automatic sequential degradation 
procedure (Edman, 1970) yielded any information on the N-terminal 
sequence of E.coli 3-lactamaso. 
E.coli 3-lactase was hydrolysed with IWCC-trypsin, RWI'I-
chymotrypsin and pepsin, and also with cyanogen bromide and with 
DPCO-trypsln after the chemical blocking of lysine residues with 
EWA. It was considered that most of the try-ptic peptides were 
Isolated and characterised. An extensive characterisation of the 
peptides produced by some other protease might suffice to complete 
the amino-acid sequence of E.coli r-lactamase but this was not 
accomplished in the present work. The evidence for six fragments, 
which account for about 60% of the molecule, together with some 
tentative overlaps which extend these fragments, has been presented. 
No well-defined examples of unusual peptide bonds being 
hydrolysed by trypsin were observed. There were several cases of 
slow cleavage by trypsin at bonds adjacent to polar residues (Hill, 
196). The use of ETPA (Riley and Perham, 1970) to block lysine 
residues and restrict tryptic cleavage to the C-terminus of arginine 
residues complicated tryptic digestion, possibly due to incomplete 
blocking and unblocking reactions. 
The results obtained with chymotryptic and peptic peptides do 
not permit a review of the specificity of the respective pretoasee. 
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There was no evidence for cleavage of 3-lactamase other than 
C-terminal to methionine residues by cyanogen bromide • The X7 
CNBr peptides (Chapter VIII) confirmed sequences within the tryptio 
peptide. T2d and Tile and peptide X6 (fragment 6) was a 17-residue 
peptide incorporating the C-terminus of the whole protein. The 
remaining peptides were only partly characterised. The relative 
insolubility of these peptides rendered then difficult to purify 
and to sub-digest. In retrospect, the use of 8D-acry1amide gel 
electrophoresis to check the purity of the large CNBr peptides 
would have been advisable. The use of maleic anhydride or FTPA as 
a disaggregating agent (Bruton and Hartley, 1968) might have 
iroved the fractionation of these peptides by gel filtration. 
The use of cation-exchange chromatography as the first stage 
in the purification of proteolytic digests of -1actamas• was more 
successful than the use of gel filtration, but extensive purifi-
cation of peptides by paper electrophoresis and chromatography was 
necessary in any case. The yields of peptides were low and 
variable. In several cases the complexity of digests was aggra-
vated by the poor cutting of fractions from gel filtration experi-
ments, leading to the occurrence of the same peptide in several 
fractions. Dsamidation (e.g. T6a/T9a) and isomarisation of 
aspartic acid (e.g. T2d/T4a) contributed to the complexity of at 
least some of the proteolytic digests. No significant ninhydrin-
negative peptides were detected, except in the MV-3-lactamase 
experiment. Possibly these peptides, if present, were masked by 
ninhydrin-positive peptides in the early purification stages and 
hence were lost. 
There was some evidence for the retention of peptides can- 
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taming arometic residues during gel filtration (D.teraann and 
Walter, 1968). The gel filtration of the peptic peptide. on 
Sephadex 0-25 in 0,1 *-ammonia was also interesting as the acidic 
peptides were preferentially excluded from the gel (see Table 17, 
Chapter VII). This phenomenon was observed by Gelotte (1960). 
The amino-acid analyses were reported in mole of amino-acid 
per mol of peptide, to on* decimal place, with impurities greater 
than 0.1 mol/mol also reported. Some analyses were marred by 
analyser failure or gross impurity. There possible, these results 
have been reported and interpreted, with suitable qualifications. 
Several examples of low yields of particular aaino-acids have 
already been discussed. 
As regards the techniques of sequence determination, one 
drawback of this work has been the commencing of analytical experi-
ments on peptides subsequently shown to be impure. The choice 
between absolute purity and sufficient recovery for subsequent 
experiments was an ever-present dilemma which was especially acute 
in dealing with peptides produced by sub-digestion. 
The use of thin layer Chromatography on polyamide layers to 
Identify Iis-amino-acids (Woods and Wang, 1987) is more sensitive 
than the electrophoretic technique used in the present work, and 
might have permitted more extensive sequential degradation. 
The time and material used in the experiments with CI'r were 
not Justified by the results obtained. In retrospect, they could 
have been better employed in "labelling" the cysteine residue with 
1C-iodoaoetic acid and the tryptophan residues with 2-hydroxy-5-
nitrobenzyl bromide (Horton and Koshland, 1965), and isolating the 
corresponding tryptic peptides. The isolation of the N-terminal 
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tryptic peptide after treatment of the protein with FDNR (Ambler, 
1963*) would have been a satisfactory confirmation of the N-terminal 
sequence. In view of the frequent short overlaps between tryptic 
peptides and other peptides produced by proteolysis, a ther.olytic 
digest of the protein (Ambler and Headway, 1968) might have 
yielded useful peptides. 
The six fragments were compared with the S.aureus and B. 
licheniformis sequences by both visual and atomatic techniques. 
Fragment 1 appears to be homologous with residue. 129-167 in the 
S.aureua sequence and with residues 138-163 in the B.licheniforais 
sequence, about 38% of the residues being identical. ?b other 
homologies were indicated but it was estimated that identity of 
16% or less would not have been detected. 
E.coli p-lactamaae contains a single tyrosin. residue which 
is especially reactive with tetranitroethane. Nitration of this 
tyrosine residue results in a 36% loss of -laotaaas• activity. 
This is comparable with the specific nitration of tyrosine-77 in 
B.lichentf orals 3-lactamase which results in a 40% loss of activity 
(adway, 1969*), with the specific nitration of tyrosine-71 in 
8.auraus (R.P. Ambler, unpublished) and with the specific iodination 
of a single tyrosine residue in B.cereus 3-lactamase which results 
in a 30-36% loss in activity (Cssnyi et al., 1971). The partial 
sequence of the nitrotyrosine-containing peptide suggests that the 
sequence around the reactive tyrosine residue may be similar to 
but not identical with the corresponding sequences of the S.aureua 
Blicheniforals and B.cereus sequences. 
E.00li 3-lactamase contains a histidine residue which is 
especially reactive with lodoacetic acid and which is essential for 
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3-1actamese activity. The tryptic peptide containing this residue 
is remarkably similar to a tryptic peptide in the Litcheniformis 
-laotamase, six residues being identical and the remaining three 
being chemically similar. B,cereus -lactamRse jq somewhat less 
has 
similar in this region and S.aureus -1actamase/s tyrosine residue 
(tyrosine-79) in place of the histidine residue. 
Large sections of the Lco 	-lactamase sequence show less 
than 18% identity with the corresponding proteins from Gram-
positive organisms. A few regions of the !.00li !-laotama$e 
sequence are much more similar with parts of the completed sequences 
but it is not known if these regions are in corresponding positions 
relative to the rest of the primary structure. 
An analogous situation, which has been more fully resolved, 
is presented by the so-called serine proteases. A range of enzymes 
of mammalian and microbial origin all serve to hydrolyse peptide 
bonds in proteins, though with diffezéng specificities. The use of 
some of these enzymes in the present work partly illustrates this 
specificity range. The enzymes all have a common feature in that 
all are sensitive to inhibition by IM'P, which phosphorylates a 
serine residue essential to the catalytic activity in each case. 
An essential histidine residue is another common feature (1yhoff 
et al., 1969). 
Sequence homology between trypsinogen, chyaotrypsinOgefls A and 
B and parts of elastase were reported by Hartley et al (1986), who 
noted that small clusters of residues scattered throughout the 
sequences were identical. These observations were extended to 
include chymotrypsinOgen C, the full sequence of elastale, the 
partial sequence of the thrombin B chain and some species variants 
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(Hartley and Shtton, 1971). The various chymotrypsinogena were 
closely related. Trypsinogen, chy.otrypsthO&eD and elastase 
exhibited about 40% homology with each other, and parts of the 
thrombin sequence were about 30% identical *ith the other sequences. 
Only 11 residues, in a total of about 260 0 were invariant in all of 
the sequences. The tertiary structures and mechanisms of action 
of some of these enzymes have been shown to be very similar (Blow 
et al., 1989; Keil,1971 Hartley and Shotton. 1971). 
The sequences containing the reactive merino and histidine 
residues, and the disulphide bridges of a protesse from Streptomycos 
griseus have been determined. 80% identity between sequences 
representing about one-quarter of the molecule and the corresponding 
sequences in trypsinogen has been demonstrated (Jurasek at al, 1969). 
A slight similarity between the sequence of the rr-lytiC protease 
from Ntyxqbacter 495 (Sorangium; Olsen at al., 1970) and the trypsin 
family suggests that all of the merino proteases so far discussed 
may have arisen by divergent evolution from a coon ancestral 
enzyme. The proof of this hypothesis will depend upon the dis-
covery of other homologous proteins in other species and the con-
struction of a phylog.netiC tree. The possibility remains that 
the sequence similarities between the mammalian and bacterial 
sense proteases are a result of convergent evolution. 
Mother group 61 sanine proteases of bacterial origin, the 
eubtilisins, contain reactive merino and histidine residues but 
are not otherwise similar to the mammalian serine proteases. It 
is of interest that two subtilisinS derived from different strains 
of Bacillus subtilis only exhibit 70% sequence similarity (ith 
at *1., 1966). Even in this case, there may be discovered serine 
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protease. the sequences of which are intermediate between the 
hémologous group and the subtilisins. 
The first lesson to be drawn from this analogy is that even 
when the complete sequence of the E.coli -l*ctamase is available, 
Its evolutionary relationship with the -1actaaases from Gram-
positive organisms may not be clear. The similarities detected 
in the present study are probably greater than between the sub-
tilisins and the mammalian proteases or between the Vyxobacter 
protease and the mammalian proteases. It may be tentatively 
concluded that the Lcoli -lactamase and the -lactaaasem from 
Gram-positive bacteria have evolved from a common ancestor. The 
homology between the E.coli sequence and the others will almost 
certainly be less than between the S.aureue and B.lichenifor.is  
sequences but in at least one region the B. licheniforais (and the 
B.cereu.) sequence may resemble the E.coli sequence more than the 
B. aureus sequence. 
The division of bacteria into Gram-positive and Gram-negative 
In perhaps the most fundamental classification of this phylum. 	It 
In based upon a difference in cell wall and cell surface structure 
which implies that the probability of the physical transfer of 
genetic material occurring between Gram-positive and Gram-negative 
bacteria is low, even if the transferred material could be expressed, 
propagated and integrated into the host chromosome. No examples of 
this phenomenon have been reported to date (Jones and Sneath, 1970). 
Thus f-lactamase, or a protein from which p-lactamsse has evolved, 
y have been present in a primitive ancestor of modern bacteria, 
before the evolution of the differences which are detected by the 
Gram stain. However the existence of regions of sequence in which 
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Gram-positive and Gram-negative bacteria are more similar that two 
different genera of Gram-positive bacteria may imply that genetic 
transfer across this barrier has occurred in the past. 	If this 
possibility, even if very rare, is admitted, then the corresponding 
possibilities of the transfer and hybridization of -lactaaase 
genes between many species of bacteria must be considered. The 
evolution of the -lactamase sequence could then, perhaps, be 
divorced from bacterial phylogeny and considered in terms of 
relationships between enayme structure and function. 
The evidence for the involvement of a single tyrosine and a 
single hietidine residue in the activity of Lcoli -lacta.ase is 
fairly conclusive, but the effects of the modification of other 
residues were not examined. The cysteine residue may be of 
particular interest. There must certainly be other residues 
Involved in the binding of penicillin to the enzyme. Pollock 
(1965) showed that B.liohenjformia 6346C produced a -lactaaase 
which had a lower molecular activity and K than the -laotaso 
produced by the standard strain, B.licheniforaja 749C. The amino-
acid sequence of the 6346C variant differs from the other at only 
two positions; a glutamine residue replaces arginine-163 and a 
valine residue replaces eetbionjne..259 (R.P. Ambler, unpublished). 
One or both of these residues is involved in the activity of the 
B. lichenif orals enzyme, over and above the involvement of tyrosine-?7 
and the presumed involvement of histidin.-84. It is interesting 
that V/K (the "physiological efficiency", Pollock, 1965) is the 
same for the 6346C and 749C variants. In view of the nature of 
the -(log V/pK) vs pH graph found in the present work this may 
mean that the substitutions in the 6346C enzyme do not affeat the 
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binding between the ensyme and the substrate, Pollock (1965) has 
remarked on the similarity of the physiological, efficiencies of 
several -lactaaases; this may reflect a similar mode of binding 
between the enzyme and the substrate. 
One of the math drawbacks of the extension of these results 
to a mechanism of action of the enzyme is the fact that the reactive 
residue, have not been shown to be in juxtaposition. A satisfactory 
demonstration of this phenomenon by chemical methods will be very 
difficult, although preliminary experiments, n•t reported in the 
text, have shown that lysine and tyrosine residue, in E.colj 
f-lactamase will react with 1 0 cI jf1uoro_2, 4..injtbenz.na under 
conditions which might be expected to form intramolecular bridges 
(Cuatreoasas et a]., 1968), and with a partial loss of activity. 
These studios were not pursued but might give valuable information 
as to the three-dimensional interrelationships of a completed 
one-djmensjon1 structure. The determination of the three-dimen-
sional structure by X-ray crystallography is the most reliable 
method of confirming the position of the active site. Nevertheless, 
the partial los of activity in acid and the elimination of this 
effect in the partially-active nitro--lactmse suggested that the 
kinetic data might be correlated with the results of chemical 
modification. 
The postulated mechanism is the simplest one which fits the 
available evidence. There is no evidence in model systems for an 
imidazole group acting as a general acid catalyst (Outfreund and 
Knowles, 1967) but imidazol*, having a pK near 7, in well suited to 
this type of reaction at neutral pH values, since both protonation 
and deprotonation are relatively rapid (Figen and Hammes, 1963). 
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It might be possible to test the mechanism by observing the effect 
of de utc'riva oxide on the reaction; if proton transfer is rate- 
limiting, then the reaction will be much slower in D 0 but Qutfreund 
(1970) 	 2 
and Knowles/have ernphasised that D20 may alter the pH and the piCa 
of ionising groups. 
The proposed mechanism in unlike the CDM model for penicillin 
hydrolysis (Kinget and Schwartz, 1969) and mor* closely resembles 
the model for concerted acid-base catalysis of the mutarotation of 
e,-tetra-0-methy1-D-g1ucose by 2-hydroxypyridine (Swan and Brown, 
1952), in which the hydroxyl and pyridiniva groups were thought to 
be oriented so as to permit simultaneous acid and base catalysis. 
The large-scale production of E.coli 3-lactamase is now 
straightforward and this should aid the completion of the amino-
acid sequence and further chemical and enzymological studies. 
Although preliminary experiments have failed to produce crystals 
)f the enzyme (L. Sawyer, personal communication) it remains a good 
candidate for the determination of tertiary structure by X-ray 
crystallography. Such a project involving the S.aureus f5-lactsmase 
is now in motion. In view of the enzymological results of the 
present work, a similar study in S.aureus might prove very fruitful 
In the near future, since the tertiary- structure would be the 
ultimate test of any mechanistic theories. 
The study of the sequences of other WrY-mediated 3-lactamases 
from Gram-negative organisms may now be feasible. The relation-
ships between a range of proteins specified by a transferable 
genetic element should be very interesting. These enzymes, 
reviewed earlier in this chapter, may be very similar and homology 
with the E.coli 3-lactama9e may considerably aid sequence determination. 
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Particular *x- lea, such as the Aerobacter cloacae 53 ç3-lactaaase, 
which I. extaeaely sensitive to p-chloromercuribenzoate (Jack, 1971) 
would be especially interesting with respect to the relationship 
between structure and funot Jon. 
With a known evolutionary relationship between the -1actamas.s 
from 0r-positive bacteria and the Lcoli W3310 3-lactamases, the 
phylogeny of other Gram-iegative 3-lactameses could perhaps be 
estimated on the basis of immunological cross-reaction between them 
and the E.coli enzyme. Prager and Wilson (1971a,b) have claimed 
that the "immunological distance" between two proteins is approxi-
mately proportional to the difference in their amino-acid sequence, 
up to a maximum difference of 30-10%. Cocks and Wilson (1972) 
have used this technique to construct a phylogenetic tree for 
enterobacterial alkaline phosphatase. This tree parallels the 
phylogeny of the bacteria, as deduced by several other methods. 
Recent observations show that resistance to penicillins has 
been acquired by the pathogenic Pseudomonas aeruginosa in several 
clinical isolates. Subsequently it was shown that this resistance 
was due to the acquisition of Rife which specified the synthesis of 
3-lactamase (Lowbury et al., 1969; Sykes and Richmond, 1970). 
Should this spread of resistance continue, then it to conceivable 
that -laotaaase evolution may be monitored and that a deeper 
knowledge of the structure and function of 3-lactamase may be of 
great practical importance. 
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Synopsis 
Purified penicil].ina.se in gram-quantities, has been prepared frou scLerichia 
coli strain 13310 by using methods developed to handle large amounts of 
material. The final product had a specific enzyme activity of 3.08 units/pg 
protein which was over twice as high as that reported previously (Datta 3 
Richmond, i96). The purified enzyme was similar to that from . coli strain 
T2., but different in molecular weight and some other respects. The difference 
observed may be a result of the greater purity obtained. 
it 
?roducion and :nuification processes for 1.-factor-mediated pnidiliases 
from Esee:. c'rz'. coil have been described by Datta & Richmond (1966), Sawai 
et al. (197J)  snd Lindquist & Nordstrorn (1970).  The enzyme yield.s/ral of cuJ.tur 
were 200 and 600 in the case of Datta & Richmond (1966) and sawai et al. (1970) 
respectively. The units used by Linciquist Nordstrom& 	(1970) are not coiparabl 
However, the cuantities of 1irificd enzymes produced were small; 1. 	from 3 
litres of culture (Datta & ?ichnond, 1906 6)j 15.7 mc from 10 litres of culture 
(Sawai et al., 1970)  and 0.64 mC from 12 litres of culture (Lindquist & 
Noristrom, 1970). 
In the experiments reported in this paper units of peniciJdinase activity 
are expressed as .inol of substrate transformed/mm n at 300C and pH 7.0. However 
it should be noted that other authors with whose work comparisons are made 
(Datta & Richmond, 1966; Sawai et al., 1970; Melling & Ford, 1971)  used the 
unit defined by Pollock & Torriani (1953) which relates activity to j.inol of 
eubstate transformed/h at 30 0 and pH 7.0. Thus GO of the units defined by 
Pollock & Torriani (1953) are equivalent to one of the present international 
enzyme units. 
To allow a detailed appraisal of the characteristics of a peniciU inase 
mediated by the T2 R-factor (Datta & Kontomichalou, 1965), including the amino 
acid sequence, r.ich large: quantities of the enzyme were required than had been 
produced hitherto. 
Yields of 5000 enzyme units/ml of culture were obtained (Llelline & Ford, 
1971) from E. coli strain W3310, ihich carried the T R-factor L.E. ichraond, 
personal comimrnication). This corresponds to 1000 units/mg dry wt. of bacteria 
and thus the p:e:aration of gr= amounts of purified enzyme required 1:i1oraa 
quantities of bacteria as-a staxtino material. The procedures reported here 
were therefore developed for work on a large scale. 
Experiment al 
Culture riothods. 
E. coli strain W3310 containing the TI R-factor was obtained. from 
515 
Professor M.. Rcona., Dept of Bacteriology,'University of Brizo1. ?he 
organism was maintained on J nutrient aar plates (Novick, 1962) containing 25 
of ampicillin/mj.. Cultures for penicillinase production were grown in the mei 
described by Novick (1962) at 370C in a 400-litre fermenter. The fermenter 
(76 cm diaci. x 137 cm high) was fitted with four baffles (6.3 cm x 72 cm) space 
vertically at ecival cistances around the vessel wall. The stirrer was fitted 
with two 33.5impe11ors, each having four blades 4.4 cm high x 8.3 cm long, 
extending to the periphery of the impeller disc. The general con.truction of t 
culture vessel and associated equipment was similar to the 100-litre vessel 
described by 1swo:th & Stockwel3. (1950). The pH was automatically maintained 
at 6.8 using phosphoric acid and the cultures were aerated with 30 litres of 
air/min and stirred at 2 50 revs/tam. When the penicillinase titre reached a 
maximum, after about 15 h of incubation, the bacteria were collected by centri-
fugation and washed with 0.111"' sodium phosphate buffer pH 7.0. The washed Cell 
paste was stored at -20°C until required. 
General methods 
Enzyme assars. Penicillinase assays using sodium benzyl penicillin as 
substrate were by the micro-iodornetric method of Novick (1962) or by a spectro-
photometric variation of the Perret (1954) assay (Sherratt, 1969). Units of 
pen.iciflinase activity are expressed as iinol of substrate transformed/min at 30 
and p11 7.0. 
Protein estimation. Protein was normally estimated by the method of Lowry 
et al., 1951, with bovine serum albumin as the standard. Elution of protein 
from columns vas followed by measuring the E254. 
Ion exchanp:e celluloses. DEAE-cellulose, DE 11 and i)E 52 obtained from 
Whatman Products, Reeve Angell, London EC4, UK were prepared for use according 
to the makers directions. 
Sephadex. Sephadex G-75 purchased from Pharmacia, iippsala, Sweden was use 
according to the makers directions. 
Starch-::el eltrophoresis. This was done by the method of £mithies (1955 
-0- 
using ConnauGit kyci.roiysed starch obtained from Connaught Med.ical :esearcb 
laboratories, Toronto, Ontario, Canada. 
Mo1ecuia weights. Deterjriations of moleóular weights were performed by 
gel filtration using ephadex G-75 (supefine grade) (Andrews, 1964) and by 
electrophoresis in polyacrylamide gels contaiiing sodium dodecyl sulphate ('7eber & 
Osborn, 1969). 
Amino acid analysis. The method of Spackman et al. (1958) with a tempera-
ture of 105°C  for hydrolysis was employed using a Model 120c Amino acid analyse 
(Beckman instrunents Inc, Palo Alto, Calif us). Trptophan was deterrained by 
the method of Spies & Chambers (1948). Cysteine was determined by reacting the 
protein with iodoacetic acid (BDH Ltd, Poole, Dorset, UK) and estimatin 
carboxymethyl cysteine in an acid hydrolysate of the protein (Guid, 1967). 
Carbohydrate. The carbohydrate content of protein samples was determined 
by the method. of Devor (1950). 
Results 
Release of the enicillinase 
The penicillinase in E. coli strain W3310 is cell-associated, with little 
in the culture supernatant; therefore a cell-breaking procedure was required. 
Datta & ichmond (1966) used ultrasonic treatment, but this was not suitable ir 
the present case where multi-kilogram quantities of bacteria were involved. A 
Manton-Gaulin homogenier (iPV Ltd, Crawley, Sussex, DX) operated at 50 litres) 
was used for bacterial disruption. Maximum release of the penicillinase 
occurred after one pass of an aqueous suspension of bacteria (io dry weiht) 
2 
through the machan at a pressure of 55.12 I/ (8000 psi), as siown in Table 
Purification of the penidillinase 
The purification was done in two parts; first, the processing of the 
broken cell suspension to give about 5 x 10 units of pen.icillinase vith a 
specific enzyme activity of 283 units/mg of protein, then purification in batc) 
of 1.6 x 106 enzyme units to give material with a specific enzyme activity of 




Centrifuation. The broken cell suspension had a high viscosity 	wi 
treated with 0.4 ig deoibonuc1ease/ml before centrifugation to improve th3 
recovery of supernatant (Me11in & Atkinson, 1972). The suspension was centri-
fuged at 13000 c 	
0 at 8 C and a flow rate of 20 litres/h in a Sharp les no o open 
clarifier. 
Ammonium sulphate fractionation. The supernatant was fractionated with anoaiu 
sulphate and Fig. 1 shows the results of a small-scale process. In the routine 
preparation solid ammonium sulphate (May & Baker reagentgrade) was added to thc 
supernatant to give a 20% (w/v) solution. This was centrifuged as above, the 
deposit discarded and the ammonium sulphate content of the supernatant increasec 
to 56% (w/v). The resulting deposit, collected by centrifugation, contained thc 
penicillinase which was stable in this condition for at least six months when 
stored at 4 
0,-I 
Dialysis. The amonium sulphate precipitate was dissolved in water and dialyse( 
against demineraJ-ized water in a continuous dialyser (Heppell Engineering, 
Harlow, Essex, UK) to decrease the conductivity to 1000 iaiemens. The enzyac 
solution was then dialysed to equilibration with, the appropriate buffer system. 
For small-scale work dialysis tubing was used. 
bsorptoi and elution from DF11. cellulose , . For ease and speed Of Operation 
it was intended to use a batch absorption and elution process. 
Initial observations indicated that the conditions used by Latta & Richmon 
(1966) ie. 0.031:11 sodium phosphate buffer at 	7.0, save 	relatively poor 
absorption of the enzyme. Only 1.83 x 10 units of penicillinase were absorbed 
g of dry DiL 11. Therefore to have absorbed the normal batch of about 6.6 x 10 
units would have required 4-5 kg of D3 11 and involved very large elution 
volumes. 
The results in Table 4 show that increasing the pH of the phozphate buffo: 
to 8.2 improved absorption; a reduction in buffer concentration 1\rther incre-
ased the amount of enzyme absorbed. However, the use of tris buffer (Table 4) 
-4- 
produced a marked improvement in absorption capacity. For r3uti'1e use, 0.02 L-
tris burfer pH 8.2 was the system selected since although the absorption capacit 
was hiher at pH 9.0 the enzyme could not be eluted by increasing the buffer 
concentration at this pH. 
In the larGe-scale purification process 500 of D1 11 was equilibrated to 
0.02 M-tris buffer, pH 8.2 and added to the enzyme solution. Tho suspension wa 
stirred for 33 min mi. the DE 11 collected by filtration and washed three times 
with 5 litre volumes of 0.02 M-tris buffer, pH 8.2. This removed unabsorbed 
protein and pigment. The cellulose was then treated with successive 1.5 litre 
volumes of 0.3 M-tris buffer, pH 8.2 and the eluates collected by filtration 
after 30 rain of stirring. 
Dialysis and freeze drying. The eluates from the DE 11 were pooled (see Table 
2), dialysed continuously against 0.02 r-tris buffer, pH 8.2 and freeze-dried ix 
7.5 litre bac'ies. The freeze-dried material was stored at -20 
0C until requirec 
Part II 
Dialysis. A typical batch containing about 1.6 x 106  units of enzyme activity 
was dissolved in water and dialysed against 6 x 8 litre volumes of water at 4
0 C: 
when the pH of this solution rose to about pH 8.5 it was adjusted to pH 7 with 
1 I-HCl. Ultimately the solution was adjusted to pH 7.0 with 1 M-HC1 and to a 
conductivity of 80 msiemens with 0.05 M-tris-HC1 pH 7.0. 
Cromatoa)hy on DE 52 cellulose. The solution of penicillinase was applied a -
150 ml/'h to a column (20 cm x 2.5 cm) of DEAE- eel l.ulose previously equilibrated 
to 0.02 Lt-tris-HC1 buffer at pH 7.0; no enzyme was detected in the eluate at 
this stage. The column was washed with 250 ml of 0.02 M-tris-HC1 pH 7.0 and a 
linear gradient consisting of 350 ml of 0.02 M buffer and 350 ml of 0.05 M buff 
was applied. Fractions (io ml) were collected. The pooled fractions from this 
column were dialysed exhaustively against distilled water at 4°C and freeze-
dried; no detectable loss of enzyme activity occurred on freeze-drying. 
Separation throuTh Sephadex G-75. The freeze-dried material was dissolved in 
10.0 ml of 0.04 sodium phosphate buffer pH 7.0 and applied to a column (90 cm 
-5- 
x 6 c) of -75 Sephad.ex which had previously been equilibrated and ackea in 
0.04 M sodium phosphate buffer pH 7.0. This buffer was pumped through the 
column at 100 mi/h and 8.0 nil fractions were collected. The elution profile is 
shown in Fig. 2. The pooled fractions were dialysed and adjusted to pH 7.0 and 
a conductivity of 220 4siemens wi.h 0.1 M-sod.ium phosphate buffer pH 7.0. 
Recbromatoaphy on DE 52-cellulose. The above solution was ap7lied to a colum 
(io cm x 2.5 cu) of DEAE-cellulose eqlibrated in 0.02 11 sodium phosphate 
buffer pH 7.0. The column was washed with 8mI buffer and then with a linear 
gradient consisting of 250 ml of 8 buffer and 250 ml of 16m buffer; these 
niolarities were found to be critical for good. results. The flow rate was 50 
mi/h and 6.0 ml fractions were collected. The elution profile is shown in Fig. 
3. The pooled fractions were dialysed against water and freeze-dried. Fig. 4 
shows the results of starch-gel electrophoresis of samples of this preparation 
before and after this final stae. 
Properties of the penicillinase 
Homoreneity. The purified protein was homogeneous as judged by starch -gel 
electrophoresis at pH 8.5 and pH 4.0 and by its elution profile in gel filtra-
tion and ion-exchange chromatography. A very faint band of contaminating 
protein of low molecular weight was detected by sodium dodecyl sulphate-
polyacrylaaide-gcl electrophoresis. The total carbohydrate coatent correspond.e 
to 0.8 niol of reducing sugar/moi of protein., 
1nz.waic pre:ties. The following characteristics were deterained for the 
purified protein using sodium benzylpenicillin as substrate: specific activity 
3063 units/mg of protein; K; 12 tiM; turnover number, 6 x 10 Taol/1n per mnol 
of enzyme. The relative activities for benzylpenicillin, anipicillin and 
ceporin were 10G'), 112,7J? and l2'% respectively (J. Fleming, personal 
coinniunication). 
:.olecular W3i:j. 	etcrtainatiOIis of molecular weight by gel filtration, sodiun 
d.odecyl 5ulphate_polyacrylanidegel electrophoresis and calculation from the 
amino acid ccositin gave values of 2.1 x 10 4 , 2.7 x 10 and 2.2 x 10 
respectively. he total number of trrptic peptides is in approcLm.ate accorda 
with the calculated value. There are 9 lysine residues and 11 arginie resid 
per molecule, from which one would expect 21 tryptic peptides. Btween 2L) an 
25 try-ptic peptides have been isolated in the course of amino acid se1uncc 
analysis. (C... scott, unpublished work). 
Amino aci c.iosition. Table 5 gives the amino acid composition of the pu.rii 
protein. The cysteine content was 0.9 mol of carboxymethyl cysteine/raol of 
iodoacetic acid-treated protein; the tryptophan content was 3 mol/mol of 
protein. 
Molar extinction coefficient. The purified protein had a molar extinction 
coefficiert of 2.14 .x 104 . The calculated value on the basis of 3 mol 
tryptophan ani 3 mol tyrosine/mol of protein was 2.08 x 10 4 (Beaven & Holiday, 
1952). 
i)icussion 
The final recovery of purified enzyme from the procedure described above 
exceeded 10,J,0'when compared with the penicillinase content of the broken-cell 
suspension (Tables 1 and 2). However, in some preliminary experiments dilutlo 
of the homogenized cell suspension before amon.ium sulphate fractionation was 
omitted and there was no increase in enzyme titre such as occurred in the lar 
scale preparation. These results are consistent with other findings (J. :e1li 
& D. "estmacott, unpublished wdrk) which indicate that this enzyme agegates, 
probably ;iiti other proteins, and there may thus be shieldina of the active 
site of sone enzyme molecules in concentrated protein solutins. 
In a anal'-scale preparation the binding capacity of the D -celiulose m 
be of minor iriportance, but in the present case an improvement obtained by 
replacing phosphate buffer with tris buffer (Table 4) greatly facilitated the 
large scale process by a ten-fold decrease in the amounts of DEAE-cellulose, a 
hence of eluate, required. The lower binding-capacity in the presence of 
phosphate may have resulted from competition for sites between the enzyme and 
phosphate ins. 
The final 'ouct was purified to a specific activity over tvlice as hih 
as that achieved 7=evivusly (Datta & iichmond, 1966). In pure form, the enzy 
has a somewhat different Michaelis constant when compared with crude extracts 
of E. coli T4 but the relative activities of the two preparations with respo 
to various substrates are almost identical.. 
Datta Richmond (19) concluded that the relatively small izthil;itory 
effect of -ch1oomercuribenzoate on penicillinase from . coli LI meant that 
there were probably no reactive thiol oups in the enzyme. The present studi 
indicates that a cyateine residue is present. 
The molecular weight data appear at first sight to be inconcluaive, 
especially when the earlier value of 16700, obtained by uJ.tracentrifugation, I 
considered (Datta & Richmond, 1966). There is evidence that some 1=oteins Civ 
anomalous results in the el-filtratin method for molecular weight deterininat 
(Andrews, 1964) and some doubt has recently been cast upon mobility in sodium 
dodecyl sulphate gel-olectrophoresis as a criterion of molecular weight (Tung 
Kni&ht, 1971). he value of 16700 was obtained with a preparation which may 
have contained less than 5O penicillinase, and thus may be cnsiderab1y in 
error. 
If the analytical data and the gel filtration estimate of molecular weich  
are considered as independent determinations which give approximately the same 
reiu1t, then a molecular weight of between 21 and 22 x 10 3 is arrived at. In 
addition the ultrafiltration characteristics of the enzyme also provide evider 
for a molecular :eight in excess of 20 x 	(i. Mailing & D. .Iesticott, 
unpublished work). 
The penicil]irases Ia and lb purified by Sawai et al. (1970) and Yamagist 
et al. (1969) and the penicillinase fiorn E. coil Hi purified by Lindquist & 
Nordstrom (1970) axe all from strains of E. coli and are all coded for by gene 
carried on resistance transfer factors. These enzymes, together with that fr 
E. coli T could be classified as Type 1 penicillinases in the s.-stem of 
classification devised by Jack & Richmond (1970). These enzymes all have 
-C- 
molecular weijitvs in the region of 20-22 x 10 3  as estimated by gel filtration. 
The revised estimates of molecular weight for the penicillinase at present und 
consideration are in accord with the other penicillinases mentioned above. 
-9- 
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Table 1. Release of penicillinase from Lscherichia coli strain 13310 
Samples of an aqueous suspension of E. coli (io w/-,r) were passed throuIi 
a Msnton-GauJ.in homogenizer operated at various pressures. Penicillinase and 
protein ieteruinations were iiiade on the supernatant after centrifWin at 
10000 for 15 min. 	 - 	- 
Opei!ating 	 Penicillunase 	Protein 
- 	pressure (units/ml) (nig/nii 
1b/zin2 
a 0 2,700 45 2.9 
13.78 2000 18 9 000 300 19.0 
27.56 4000 30,00 510 52.3 
41.34 6000 35,500 591 63.3 
55.12 8000 36,000 600 62.6 
63.90 10000 35,100 535 61.3 
Experimental details are given in the text. 
• Amount 6 Recovery () 
10 xtotal enzyme Specific enzyme 
itae Proceclu.re Volume 1Thight activity recovered activity (Units/mg per 
(].) (g) (units) of protein) stage Overall 
1 homogenization 12 4.46 7013 100 100 
2 Centrifugation 60 6 .41 41: 12.25 142 143 
3 let ammonium sulphate fractionation 60 9.37 973 51.31 146 209 
(2o 	w/v) 
4 2nd ciznmonium sulphate fractionation 2424 9.23 •9;23 66.83 98 206 
(5&,' w/v) 
5 Dialysis 8 9.15 915 68.00 99 205 
6 Absorption and elution from DE-11 
cellulose 
let 3 pooled eluates 4.5 5.10 283.33 56 114 
6.87 75 153 
2nd 3 pooled eluates 4.5 1.76 91.72 19 39 
7 Freeze drying 
let 3 pooled eluates 145 5.00 283.33 93 111 
6.75 : 98 150 
2nd 3 pooled eluates 148 1,75 91.67 99 39 
The starting matis1 was a portion of the freeze dried product from sta.e 7 (Table i). Experimental details 
are given 
in the text. 
Amount -6 -2 
Recovery () 
10 Xtotal enzyme 10 >< specific enzyme 
3tae Procedure Volume 	7eight activity recovered activity 
(Units/in per Overall 
(ml) (r) of protein) stage 
8 Dialysis 1100 1.98 1.56 
100 100 
9 Chromatography on Di-52 cellulose 400 
1.87 4.33 94 94 
10 Gel filtration on G-75 sephadex 200 1.77 26.50 94 
89 
11 Chromatography' on .DE-52 cellulose 80 1.70 
30.83 96 85 




Table 4. affect of nH, concentration and buffer cornDo3ition on the amount 
of euicillinase absorbed per ram on DT-il cellulose 
Known arnoun.s of LE-11 cellulose were equilibrated to various buffer 
systems and then added to solutions of penicillinase which had been dialysed 
against the aproriate buffer. The pen.icillinase solutions were assayed 
before and after 30 min of equilibration with the DE-11 cellulose. 
103 x Pen.icilJ.inase units absorbed/g of 
dry DE-11 cellulose 
PH 	Sodium phosphate 	 'iris buffer 
buffer (0.01 M) (0.02 LI) 
6.5 1.16 	 - 
7.0 1.83 	
- 
7.5 2.50 - 
8.0 3.33 	 - 
8.2 	 4.17 	 15.65 
	
9.0 - 	 2op . 
Concentration of 	
x Penicillinase units absorbed/- of dry phosphate buffer DE-11 cellulose PH 8.2 
0.00114 	 10.33 
0.03111 	 4.17 
0.111 	 Ni]. 
a 
able 5. Amino acid composition of pen.icillinase from Escherichia coil 
strain \3310 
Columns 1 and 2 show the numbers of residues calculated by analysing 
hydrolysed samples from two different preparations of the enzyme. Results are 
expressed in number of residues per molecule, assuming a molecular weight of 
2.2 x 10. Column 3 gives the mean values to the nearest whole number. The 
values for threonine and serine were increased by 	and 10 respectively to 
correct for losses due to hydrolysis. Methods for analysis are given in the 
text. 
Amino 1 2 acid 
Lys 9.0 9.0 9 
His 3.8 4.0 4 
4rg 10.4 10.7 11 
Asp 17.5 16.8 17 
.Thr 13.0 13.3 14 
Ser 9.6 10.0 11 
Glu 19.8 19.5 20 
Pro 6.9 7.8 7 
Gly 14.6 14.6 15 
Ala 17.5 17.2 17 
Va]. 9.2 8.8 9 
Let 5.4 5.6 6 
He 8.9 8.9 9 
Leu 19.8 20.7 20 
Tyr 3.1 3.1 3 
The 4.0 4.0 4. 
Trp 	 - 	 - 	 3 
Cys 	 - 	 - 	 1 
coo 	 boo 	 (000 	 lito 	 I LOO 
L)ToJ \JOLOt' 
'4 TO & R A P 
\CTIA ti PIS F- 
50 	 IvJ 	 Isu 




Extracellular nucleases from Bacillus licheniformis 749 
The sequences of extracellular nucleases from two strains of 
Staphylococcus aureus have been determined (Taniuchi et al., 1987; 
Cusumano et al., 1968) and it was felt that the sequence of any 
corresponding enzyme produced by Bacillus lichenif orals 749 would 
considerably extend the comparison between the two organisms 
afforded by the 405 sequence homology between their respective - 
lactamases (Ambler and Meadway, 1969). Accordingly, the identi-
fication, purification and characterisation of nuclease activity 
from culture supernatants of P.licheniformin 749 was undertaken. 
The Mane assay procedure was based upon that of Anfinsen 
(Hems et al., 1966b). This procedure was also used, with heat-
denatured yeast RNA, for the determination of Mane activity. 
The maximum DNase activity found in cultures of B lichenif orals 
was about 1 unit per ml and the resultant yields of pure enzyme 
were very low. Several unsuccessful attempts were made to 
generate and isolate mutants which could produce high levels of the 
enzyme. )&itagenisation was effected with N-nitrosoguanidine 
(Dubnau and Pollock, 1965) and the plate assays of Gesteland (1966) 
and lacks (1970) were employed. 
Culture Conditions 
Nuclease production by B.licheniformis in both rich and defined 
media was studied. The results are sums 	by Figure 1. High 
levels (Ca. 3U/ml) of nucl.aae could be attained in broth cultures 
but this declined in the stationary phase of the culture, presumably 
is 
11 
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due to protease activity as sporulation commenced. The higher 
cost and the greater difficulty in purification of nuclease from 
broth cultures also influenced the choice of the IIBS-glutamate 
(Headway, 1969) medium for large-scale cultures. It was possible 
to produce about 1.0 U/mi of DNaae activity at a cell density of 
about 3 mg/ml. (dry weight) in batch cultures of 10 or 50 1. 
The 10 1 cultures were innocula ted with a 500 ml culture grown 
overnight in a shake-flask and normally reached 3 mg/al in about 
24 h. In one case, a culture reached this cell density in about 
16 h and the nuclease activity was about 10% of the normal figure. 
Birnboia (1966) has observed that protoplasting of B.subtilis 
causes nuclease to be released into the proto,last supernatant; 
this enzyme appears to be identical to the extracellular variety. 
On a small scale, it was found possible to protoplast B.licheniformis 
using MOS salt 0.75 M in sucrose; this medium is similar to a 
protoplasting medium used by Qiesbro and Lampen (1988). A culture 
which yielded a total of 220 units of Mass in the culture super-
natant was found to release a further 135 units into the protoplast 
supernatant. No activity was detected in resuspended protoplasts. 
Attempts at large-scale protoplasting invariably led to very 
visooua supernatants, indicative of cell lysis and release of 
nucleic acids • The danger of contamination by intracellular 
nucleases precluded any attempt to extract enzymes from these 
preparations. 
DNaae activity was found to be sensitive to trypsin; release 
of the cell-bound fraction with this enzyme, as can be done with 
cell-bound penicillinase (Pollock, 1968), was not feasible. 
Ii. 
TABLE 1. 
Initial purification (D)s. activity) 
1 • 	50 litres Continuous flow Dialysis 48 hr 
Elution from 
45,000 U centrifugation 60 750 U D&ll 
5,400 U 
200 ml 
	 Contr ifugat ion 
	 Dialysis 24 hr 
	
180 U 
	12,000 x g 40 win. 
	 170 U 
10 litres 
	Centr if ugat ion 




2,500xg 2 h 
	
6,100 U 
	 -1l 6,430 U 
10 litres 	 Diluted aed absorbed 	 Elution from 
DE -il 6,000 U 9,200 U 	 to I-11 
TABLE 2. 
Mae 	 Mae* 
Culture supernatant 
24 b dialysis 950C 
Absorbed to -11 
Eluted 
20 1* dialysis 150C 
DE-82 chromatography 




Fractions I, II, III, IV V. 570U 
Rschrotography 
1!. 540U 
AppTc. 0.7 mg of protein. 
Specific activity 780 U/g. 
About 200 U total RWtae activity. 
Yield approx. 451L 
Vb. R?a. only. 
Not studied further. 
Total R)u activity 750 U 
Fraction IV contained 
approx. 1 mg protein and 
240 U. 
Specific activity 240 U/ag, 
r 	. 	t 
0 	10 	 10 	4-0 	6o 	Co 
a 
Purif icat in 
Cultures were passed throu;h an Alfa-Lavall continuous-flow 
centrifuge to remove the cells. Dialysis of the resulting super-
natants against tap-water to lower the conductivity invariably led 
to considerable losses in activity. High-speed centrifugation 
prèor to dialysis minimised these losses. Dilution of the culture 
supernatant with tap-water was effective in reducing the conductivity 
of a 10 1 culture but very large volumes were involved. 
When the conductivity approximated the 1 mho, the pH was 
adjusted to pH 8.5 and, the solution was passed through Whatman 
DE-11 resin, previously equilibrated with 0.01 M-amaomiuIfl acetate 
buffer pH S.S. Two passages sufficed to absorb more than 95% of 
the activity. 200 g of DE-11 were sufficient for a 50 1 culture 
supernatant. 
The resin was repacked as a convenient column and washed with 
0.25 M-ammonium acetate pH 8.5. The nuclease activity could then 
be eluted with 1.0 11--ammonium acetate or sulphate. 
Recoveries 
ranged from 80% to ios%. 	This data is summarised in Table 1. 
It was found that the activity was unstable when freeze-dried. 
The activity was not fractionated cleanly by aoniva sulphate 
precipitation. 	Some of the RNaae activity, but 
none of the DNase, 
could be absorbed on to CM-cellulose at pH 4.8. This evidence 
suggested that there were at least two enzymes in the "nucleaso" 
preparation. 
However, the residual activity from a lyophilised preparation 
appeared in a single peak when chromatographed on Sephadex 0-100. 
This was confirmed by chroaMbgraPhY on Sephadex 0-50. 










dialysis or dilution followed by re-absorption on to a snail 
column of DE-52 in 001 16--ammonium acetate pH 8.5. This column 
was eluted with a linear gradient of ammonium acetate pH 8.5, from 
0.01 M to 1.0 U. Five fractions with nuclease activity were 
produced, as shorn in Figure 2. The activity was generally 
stable when dialysed prior to this stage. 
Fractions I, [I, III and IV were all RNase enzymes only, with 
identical specificity towards RNA. Fraction V contained 830 units 
of DNase and 880 units of RN... activity. Specificity studies 
indicated exo-DNase and endo-RNase activity. R.chromstography 
yielded fractions Va and Vb. The former appeared to be an exo-
Daae enzyme, with some e-RNase activity. Fraction Vb was 
another endo-RNase. This fractionation was successfully repro-
duced with another preparation. The various fractions appeared 
to be pure, as judged by starch-gel electrophoresis. The purifi-
cation is siimrised in Table 2. 
Properties of Nucleases 
The various nucleus fractions could not be separated by 
Sephadex gel filtration. A sample prior to the final fractionation 
was passed through a G-80 column and the elution volume was noted. 
The column was then calibrated with lysozyme, insulin, -lacto-
globulin and blue dextran. The elution volume for nuclease was 
somewhat smaller than that for insulin. A graph of V vs. log 
(Molecular Weight) gave an approximate molecular weight of 11,000 
for nuclease. 
The pH optimum was found to be 9.0 and calcium had no effect 
on the activity or the pH optimum. This was true of both the DNase 
and the RNase. 
IV. 
•t'r• 
inal fractionation. 	In view of the known heterogeneity of 
is material, the analysis is of little value. 	Tryptic digestion, 
'ith and without performic acid oxidation, followed by one- 
Specificity of Nuclease 
Samples of the various nuclease fractions were incubated with 
32 P-labelled RNA and DNA in capillary tube.. The digests were 
examined by one-dimensional electrophoresis on amino-ethyl-ion-
exchange paper (Ithatman) at pH 3.5 and by two-dimensional electro-
phoresis at pH 9.0 and pH 2.0 on DE-81 paper. Autoradiograms were 
prepared from the electrophoretograms. 
Fractions I to IV proved to have indistinguishable specificities 
towards RNA, producing various oligonucleotides as well as free 
adenosine and an adenosyl-uridine dinucleotide. This is shown in 
Figure '. There was no digestion of DNA by these fractions. 
Fraction V gave very unusual results. The one-dimensional 
autoradiogras clearly showed that four DNA was hydrolysed to give 
all four mononucleotides of equal intensities, indicating an exo-
nucleolytic cleavage of DNA. The two-dimensional autoradiogram 
for RNA digestion showed a considerable production of oligonucleo-
tides, indicating an endonucleolytic cleavage of RNA. The one-
dimensional RNA autoradiogram showed the four mononucleotides. 
The subsequent production of fractions Vs and Vb explains 
these results. Fraction Va is an exonuclease, active against both 
DNA and RNA. Fraction Vb is an endoribonuclease, although with 
a different specificity from that of fractions I to IV. 
V. 
Di. ' kx ; ion 
The purification of various extracellular nuclease enzymes 
from J3,lichoniformis 749 has been achieved. They consist of:- 
(I) An exonuclease active against DNA and, to a lessor 
extent, RNA. 
An endonucleolytic IlNase which appears in several 
chromatographically distinct forms. 
A distinct endonucleolytic RNase. These enzymes appear 
to have similar molecular weights of around 11,000 and a similar 
PH optimum. 
They are all somewhat labile but can be purified relatively 
easily. From the data in Table 2, it can be seen that a 50 1 
culture of R.licheniformia 749 would yield perhaps 30 or 40 mg ,  
of pure exonuclease and one or two hundred milligrams of the major 
.ndo-RNase. 
S.aureue produces a single endonuclease active against both 
EM and DNA. It has a pH optimum of about 9.5 and this In lowered 
to pH 8.5 by calcium ions. 	It has a molecular weight of 16,800 
(Hems et *1., 1966a). Thus, there is no functionally-homologous 
nuclease in 13.licheniforais 749 and any chemical homology could well 
be minimal. 
It would be time-consuming and expensive to produce the 
Llicbeniformis nucleases in suffielent quantity for amino-acid 
sequence determination. 
In B.stilts an "exo-DNas. with R?se activity" (Birnboia, 
1966) and an endo-Rse (Nishimura, 1966) have been isolated from 
culture supernatants in similar yields to the B.licheniformis 
enzymes. The endo-RNase was unstable to prolonged dialysis. 
vi. 
Recent work on the isolation of an autolytic enzyme from Laubtilis.. 
(Brown 	1976) encountered considerable difficulties because 
of the lability of the enzyme in most of the common purification 
techniques. The partly purified autolytiO enzyme appeared to contain 
8% teichoic acid and the problem in purification appeared to he 
partly &e to an undefined association of the protein with cell 
wall or membrane material • In this context it is noteworthy that 
the amino-acid analysis of "nuclease" indicated a considerable 
amino-sugar content. 
irnboia (1966) has show that mot of the B.subtilis Dtse 
activity is cell-bound and is released on protoplasting. Thus 
the B.subtilis and R.ltchenifora!f$ nucleases may be cell-bound or 
"periplasmic" (Neu and Heppel, 1964) and their appearance in the 
culture supernatant may be as a result of leakage. Tho variable 
levels of activity found in culture supernatants ar* plausible in 
terms of this theory (Nishimura, 1966; present work). This 
contrasts with enzymes such as A.auret* nucleaae and penicillinase 
which are actively secreted (Oaenn and Friedman, 1970; Oesbro and 
Lai,en, 1968). 
This work was carried out in 1969/70, before partly-purified 
Esoherichia colt p-lactase was available. I an grateful to 
W. S.G.  Hughes, for adtice and help with large-scale cultures, and 
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viii. 
;enonatration of a Single Cysteic Acid-containing Peptide 
in C-1a.Uiinase 
This experiment was based upon the techniques described by 
Brown and Hartley (1968). 
05 pmol of native -lactsse was digested with 0.1 mg of 
subtilisin for 5 h at pH 8.5 and at 37°C. The freeze-dried 
products were separated by electrophoresis at pH 6.5 in two 5 cm-
wide strip. on W.hatman 3 100 paper. One strip was Incubated for 1 b 
in an atmosphere of perforaic said in a desiccator. When dry, 
It was out into two 2.5 cm-wide strips, each of which was sewn 
Into another sheet of 3 .m paper so as to permit p0 6.5 electro-
phoresis in a direction at right angles to that of the original 
electrophoresis. One such "diagonal" peptide asp was stained with 
ninhydrin in the noraal way and is shown in the diagram. The 
other was lightly sprayed with 0.05% nthhydrin in acetone and 
developed at room temperature, In the dark, overnight. 
The spots Dl and D2 were eluted from the lightly-stained 
peptide asp but were too weak to permit any structural analysis. 
The corresponding region in the wioxidised strip was out out and 
èluted and seven peptides were isolated after pH 3.5 electrophoresis. 
Peptide N3 had a mobility of +0,4 at pH 3.5 and a mobility of +0.13 
at pH 3.5 after oxidation with perforate acid. It was analysed 
but was too weak for accurate quentitation. Its tentative 
cospositionwas (oySO3 ,esx,thr,glxala,gly,val,a.t,ile,leu,lys). 







This .xp.riaent indicates that p-1actie probably contains 
a single cystein. residue. 
'C. 
